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ANATOLII  FEDOROVICH  KAPUSTlNSKll 


Anatolii  Fedorovich  Kapustinskii,  a  famous  Soviet  scientist  in  the  fields  of  physical  chemistry  and  in¬ 
organic  chemistry  and  a  Corresponding  Member  of  the  Academy  of  Sciences  of  the  USSR,  died  prematurely  in 
his  54tli  year  on  August  26,  1960. 

Anatolii  Fedorovicli  was  born  in  Zhitomir  on  December  29,  1906.  He  entered  the  first  gymnasium  in 
Warsaw  in  1914,  and  finished  his  secondary  schooling  in  Moscow  in  1922.  In  1923,  he  became  a  student  in  the 
Chemical  Division  of  tlie  Physicomathematical  Faculty  of  Moscow  State  University.  He  completed  his  university 
course  there  when  he  presented  his  diploma  thesis  "An  investigation  of  the  thermal  dissociation  of  cadmium 
sulfide"  in  1929.  He  had  studied  under  the  famous  Academicians  I.  A.  Kablukov  and  E.  V.  Britske.  On  leaving 
the  university,  he  became  a  research  worker  in  the  Thermal  Laboratory  of  E.  V.  Britske  in  the  Moscow  Institute 
of  Applied  Mineralogy.  In  this  Institute  (later  called  tlie  All-Union  Institute  for  Mineral  Raw  Materials) 

Anatolii  Fedorovich  worked  from  1929  to  1941  as  research  worker,  aspirant,  engineer,  senior  scientific  co¬ 
worker,  scientific  consultant,  and  laboratory  and  group  director.  In  1935  lie  was  sent  by  the  People’s  Commissariat 
of  Heavy  Industry  to  the  U.S. A.,  England,  and  France  to  study  arrangements  for  scientific  research  work  in  these 
countries.  He  worked  for  six  months  in  G.  N.  Lewis'  laboratory  at  the  University  of  California.  In  the  fall  of  the 
same  year  he  presented  a  paper  on  "Problems  of  Crystal  Chemistry"  at  a  conference  of  the  American  Chemical 
Society.  In  1939  Anatolii  Fedorovich  became  a  Corresponding  Member  of  the  Division  of  Chemical  Sciences  of 
the  Academy  of  Sciences  of  the  USSR.  In  1941,  he  transferred  to  the  Institute  of  General  and  Inorganic  Chemistry 
of  tlie  Academy  of  Sciences  of  the  USSR  as  Director  of  the  Thermal  Chemistry  Laboratory.  He  later  worked  in 
the  Solutions  Laboratory  of  the  Institute. 
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Anatolii  Fedorovich  began  his  teaching  activities  in  1930  in  the  physical  chemistry  department  of  the 
Moscow  School  for  Higher  Technology  (MVTU).  In  later  years  Anatolii  Fedorovich  was  Professor  and  Head 
of  the  Department  of  Physical  Chemistry  in  ilte  Gor’kii  State  University  (1933-1937),  the  Moscow  institute  of 
Steel  (1937-1941),  and  the  Kazan  State  University  (1941-1943).  In  1943,  he  became  Professor  in  charge  of 
the  Department  of  General  and  Inorganic  Chemistry  of  the  D.  1.  Mendeleev  Moscow  Chemicotechnological 
Institute,  where  he  worked  till  the  end  of  his  life. 

The  activities  of  Anatolii  Fedorovich  form  one  of  the  bright  chapters  in  Soviet  chemical  sciences.  He 
carried  out  a  large  number  of  profound  and  always  original  investigations  on  many  important  problems  in 
chemistry.  Of  these,  we  may  refer  to  a  series  of  papers  on  the  physical  chemistry  of  metallurgical  reactions, 
on  crystal  chemistry,  on  thermochemistry  (particularly  on  the  heats  of  formation  of  inorganic  compounds), 
theoretical  papers  on  the  periodic  law  and  on  geochemistry,  and  papers  on  the  theory  of  solutions,  particularly 
on  Ionic  solvation  in  electrolyte  solutions.  His  work  on  the  history  of  chemistry  should  also  be  noted.  His  most 
important  contribution  to  science  was  his  work  on  the  energetics  of  crystals.  His  equation  for  the  lattice  energy 
of  ionic  crystals  —  tlie  widely  used  Kapustinskii  equation  (1933,  1943,  1956)  —  is  now  always  referred  to  in  all 
monographs  and  textbooks  on  crystal  chemistry. 

The  same  series  of  crystal  chemistry  papers  includes  the  investigations  from  which  he  developed  a  new 
ionic  constant  -  the  crystallochemical  electronegativity  —  characterizing  the  electron  affinity  of  an  ion  in 
a  crystal  structure.  In  1956  Anatolii  Fedorovich  derived  a  very  general  equation,  relating  the  radius  of  a  cation, 
having  the  eight  electron  structure  of  a  rare  gas  atom,  to  the  charge  and  the  total  number  of  electrons  of  the 
cation.  He  used  this  equation  to  calculate  the  radii  of  cations  of  the  transuranic  elements  with  different  charges. 
His  collected  work  on  crystal  chemistry  was  published  in  1956  by  the  English  Chemical  Society  as  a  review 
•The  Lattice  Energy  of  Ionic  Crystals.* 

Great  interest  was  aroused  by  his  profound  investigation  on  the  theory  of  solvation  of  ions  in  electrolyte 
solutions.  The  object  of  this  research  was  to  build  up  a  theory  of  the  thermodynamic  characteristics  of  individual 
ions  in  solutions.  In  Kapustinskii's  series  of  papers  on  ionic  solvation,  as  with  all  his  work,  there  is  a  character¬ 
istically  remarkable  combination  of  approaches  from  the  point  of  view  of  thermodynamics  and  from  the  point 
of  view  of  structural  chemistry. 

Anatolii  Fedorovich  possessed  great  and  original  talents  which  included  an  extraordinary  ability  to  aim 
for  extreme  clarity  in  the  understanding  of  the  most  complex  phenomena.  His  results  were  distinguished  by 
great  simplicity  and  ease  in  demonstration,  which  made  tliem  particularly  effective.  He  achieved  wide 
generalizations  in  all  his  series  of  papers.  The  extent  of  his  scientific  interests  can  only  be  described  as  en¬ 
cyclopedic. 

There  were  many  facets  to  the  creative  work  of  Anatolii  Fedorovich  for  publishing  and  for  scientific 
societies.  For  nearly  20  years  he  was  the  chief  editor  of  the  journal  "Izvestiya  Akademii  Nauk  SSSR,  Otdelenie 
Khimicheskikh  Nauk.”  In  1946  he  became  a  member  of  the  chief  editorial  board  of  the  second  edition  of  the 
Great  Soviet  Encyclopedia.  A  series  of  Russian  and  translated  monographs  and  textbooks  were  published  under 
his  editorship.  In  1957  he  was  elected  President  of  the  National  Association  of  Soviet  Chemical  Historians. 

For  his  outstanding  merits,  A.  F.  Kapustinskii  was  awarded  the  order  of  the  Worker's  Red  Badge  and  medals. 

Many  scientists  and  all  who  knew  Anatolii  Fedorovich  will  always  retain  vivid  memories  of  this  outstanding 
Soviet  scientist,  brilliant  speaker,  and  remarkable  personality. 
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COMPARATIVE  CALCULATION  OF  INTERATOMIC  DISTANCES 

M.  Kh.  K  arapet 'y  ants  and  Ling  T'ing-ch’Ing 

D.  I,  Mendeleev  Cliemicotechnological  Institute  of  HsianiSn  University 
Amoi,  Chinese  Peoples*  Republic 

Translated  from  Zhurnal  Stmkturnoi  Khimii,  Vol.  1,  No.  3,  pp.  277-285, 

September- October,  1960 

Original  article  submitted  January  15,  1959 


Approximate  relationships  betv^reen  the  interatomic  distances,^,  in  groups  of  similar 
molecules  ate  described.  The  results  are  particular  cases  of  two  methods  of  comparative  cal¬ 
culation.  These  relationships  are  illustrated  with  examples  of  crystalline  and  gaseous  substances. 

Some  of  tlie  results  are  applied  to  determine  values  of  d  in  some  gas  molecules  not  yet  in¬ 
vestigated  and  to  obtain  more  precise  values  of  d  for  gas  molecules  already  investigated. 

It  is  known  that  approximate  calculations  of  various  properties  can  be  made  by  the  method  of  comparative 
calculation.  Up  to  now  most  investigators  have  applied  tliis  method  to  investigations  of  various  macroproperties 
(energy  involved  in  phase  and  chemical  transformations,  boiling  point,  vapor  pressure,  viscosity,  etc.);  few  com¬ 
parisons  have  been  made  of  microproperties,  particularly  of  the  dimensions  of  particles  (interatomic  distances, 
atomic  radius  of  atoms  and  ions,  etc.),  which  vary  regularly  in  a  group  of  similar  substances.  Some  of  these 
comparisons  were  made  in  [Ij  as  particular  examples  of  tlie  first  (2J  and  second  1.3J  methods  of  comparative  cal¬ 
culation.  Some  of  tliese  relationships  ate  described  in  the  present  work. 

Com parison  of  Interatomic  Distances  In  Crystalline  Substances 

For  the  purpose  of  orientation  in  calculating  constants  of  the  crystal  lattice,  we  can  use  the  following 
approximate  relationship: 

nil  -lini-l-//,, 

r  .l  ,n  I  7/2 

and 

-  I  1^- 

Equation  (l)  refers  to  the  comparison  of  the  periods  of  the  elementary  cell,  a  ,in  two  groups  of  substances 
with  similar  structures.  Figure  1  *  shows  a  few  examples.  Equation  (2)  refers  to  the  comparison  of  two  constants, 
a  and  c,  of  tlie  crystal  lattice  in  a  group  of  elements  with  the  same  structure;  examples  are  given  in  Figs.  2 
and  3. 


•  The  lines  are  numbered  in  the  most  convenient  order.  The  scales  of  the  axes  are  equal;  the  scale  is  indicated 
on  the  figure.  The  substances  corresponding  to  tlie  points  of  tlie  lines  are  indicated  in  the  legend  to  the  left. 

The  values  necessary  for  construction  of  this  and  most  of  the  following  graphs  are  taken  from  the  same  source 
[4]  for  the  sake  of  similarity. 


(1) 

(2) 

(3) 
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In  die  left  corner  td  Fi^.  .T  a''e  given  the  data  corresponding  to  chlorides,  MeCl3,  of  some  elements  of  tlie 
actinide  and  landianide  senes  14,  5J.  All  iliese  compounds  correspond  to  the  structural  type  of  UCI3,  although 
for  some  of  them  the  points  do  not  lie  on  the  same  line;  in  most  cases  this  deviation  is  apparently  within  the 
limit  of  the  experimental  error  in  die  values  of  the  properties  which  are  compared.  This  curve  directly  indicates 
the  similarity  between  the  elements  of  the  actinide  and  landianide  series.  However,  these  data  in  [4J  are  in¬ 
sufficient  to  confirm  quantitatively  [according  to  Fq.  (2)J  the  similarity  of  die  elements  of  the  actinide  and 
lanthanide  series  to  die  compounds  of  the  elements  in  groups  IVa  and  Via  [6J. 


Fig.  1.  Interrelations  between  the  Fig.  2.  Relationships  between  die 

periods  of  die  elementary  cells  for  periods  of  elementary  cells  in  a 

two  series  of  similar  substances:  l)  series  of  similar  substances. 

Co(NH3)8X2  and  Mn(NH3)gX2(X  =C1,  l)  TiX2  (X  =S,  Se,  Te);  2) 

Br,  I);  2)  00(14113)3X2  and  Ni(NI  13)3X2  MeCj  (Me  =  Ca,  Sr,  Ba);  3) 

(X  =C1,  Br,  I);  3)  MeSH  and  MeSeH  MeH2  (Me  =  Ca,  Sr,  Ba);  4) 

(Me  Na,  K,  Rb);  4)  PrX  and  CeX  Caai20)6X2  (X  =  Cl,  Br,  l); 

(X  =  P,  As,  Sb,  Bi);  5)  MeClQ*  5)  X  (03113)4  (X  =  Si,  Ge,  Sn, 

(cubical)  and  MeClQi  (rhombohedral)  Pb). 

(Me  =  K,  NH4,  Rb,  Cs):  6)  RuX2  and 

OSX2  (X  =S,  Se,  Te);  7)  AIX  and  Figure  4  represents  the  periods  of  the  elementary 

GaX  (X  =  P,  As,  Sb);  8)  CuX  and  AgX  cell  of  different  substances  with  hexagonal  lattices;  all 
(X  =F,  Cl,  Br),  For  1,  2,  4,  6,  and  7,  the  points  are  near  the  same  straight  line.  The  difference 

the  values  of  a  are  the  periods  of  in  coordination  does  not  have  a  significant  effect. 

the  elementary  cubic  cell.  .  /  x  ,  .... 

Equation  (3)  corresponds  to  die  third  type  of  com¬ 
parison.  This  equation  refers  to  the  comparison  of  periods  of  the  elementary  cell,  x  (a,  b,  c),  of  two  structurally 
similar  substances.  Equation  (3)  is  illustrated  in  Fig.  5  in  the  case  of  some  compounds. 

We  could  present  other  examples  confirming  the  possibility  of  using  the  relationships  under  consideration, 
particularly  from  the  investigations  of  recent  years.  Thus,  Eq.  (l)  reproduces  very  well  the  results  obtained  in 
[7]  and  [8J,  Eq.  (2)  could  be  used  to  describe  the  results  in  (9j  and  [lOj,  etc.  As  to  die  three  mediods  of  com¬ 
parative  calculation  (see  [Ij,  for  example),  it  is  difficult  as  yet  to  check  the  degree  of  their  applicability. 
However,  one  can  assume,  for  example,  that  between  two  intermolecular  distances  in  a  molecule  of  naphthalene 
at  20  and  —  195*  [11]  there  exists  an  approximately  linear  relationship:  out  of  17  distances  (8  within  a  layer 
and  9  between  layers)  11  follow  a  straight  line  within  the  limits  of  the  expected  experimental  error. 

Calculation  of  interatomic  distances  on  the  basis  of  the  tegular  variation  of  properties  (reflected  in  the 
periodic  table),  contrary  to  the  determination  of  many  other  properties,  is  limited  by  the  fact  diat  the  type  of 
structure  may  change  from  one  element  to  another  within  a  period. 
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However,  even  in  this  ease  the  possibility  of  comparison  is  not  excluded.  In  fact,  according  to  the  re¬ 
sults  presented  in  [4j,  we  can  propose  for  tlie  isostructural  halides  of  the  elements  of  tlie  lithium  subgroup  the 
following  approximate  equations,  which  are  particular  examples  of  relationship  (1): 


^'LIX  =  1  ,<^<'<2(11  nxax  --  1 .  (4) 

«KX  -  0,028/.  -  1.0r»2.  (5) 

^*nhx  “  0,0208  rty-ix  —  1,308,  (6) 

where  X  =  F,  Cl,  Br,  and  I,  and 

tiMpi' -  J  J  378^51, .('I,  (7) 

'^MrBr  ^  0,00553  ttMeCI  f  0,5257, 

^iMrl  ^  0,03255  fiMeci  I-  i,215.  (9) 


where  Me  =  Li,  Na,  K,  and  Rb.  For  LiX  and  NaX  the  difference  between  the  experimental  and  calculated 
values  of  a  are  somewhat  greater  than  the  probable  error;  for  KX  and  RbX  they  are  within  the  limits  of  this 
error.  The  average  deviation  for  all  15  substances  is  equal  to  0.009  A,  the  maximum  being  0.024  A. 


Fig.  3.  Relationship  between  the  periods 
of  elementary  cells  of  substances  with 
hexagonal  lattices. 


For  isostructural  compounds  of  the  same  elements 
and  elements  of  group  VI  we  can  use  the  following 
approximate  equations: 


Fig.  4.  Relationship  between  the  periods  of 
elementary  cells  of  substances  with  hexagonal 
lattices,  l)  Dense  coordination  V;  2) 
tetrahedral  coordination  t/T;  3)  T/T 
coordination;  4)  T/z  coordination.  5) 
tetrahedral  coordination  T. 


flLijX  =  1.1^^2(/k,x  2,/.r)0, 

'iNnjX  1,025  r/K,x  —  1,048, 


(10) 

(11) 
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aRb.x  -  0,9508  hk.x  0,623,  (12) 

where  X  =  O,  S,  Se,  and  Te,  and 


^MeO 

=  1,083  riMrs  “1“  1 ,547 

(13) 

flMeSe 

=  0,9936  riMes 

4-  0,914, 

(14) 

-  0,9791 

4  0,329, 

(15) 

where  Me  =  Li,  Na,  K,  and  Rb.  For  13  compounds  die  average  deviation  is  equal  to  0.009  A,  the  maximum 
deviation  being  0.025  A.  The  values  calculated  according  to  this  equation,  aR^^Se  7.926  A  and  aRb^Xe  “ 

=  8.389  A,  will  be  close  to  the  real  value  only  under  the  condition  that  these  compounds  have  the  same  structure 
as  the  other  compounds  widiin  die  same  group. 


Fig.  5.  Relationship  between  the 
periods  of  elementary  cells  ^  ^ 
and  c  of  two  similar  substances. 
1)  PbClj  and  PbBtj;  2)  Rb2S04 
and  KjSQi:  3)  BaClj  and  Bal2; 

4)  Rb2S04  and  CS2SO4;  6)  BaCij 
and  BaBrj;  6)  Zn(NH3)2Cl2  and 
Zn(1^3)2Br2.  On  curves  2,  4,  and 
6,  conuary  to  all  others,  the 
sequence  is  different:  a,  c,  b. 


Fig.  6.  Relationship  between  the 
interatomic  distances  in  some 
series  of  similar  gaseous  substances. 
I)  MeCl,  MeBr;  II)  CdX,  ZnX. 


For  isostructural  compounds  of  the  beryllium  sub¬ 
group  with  elements  of  group  VI  the  following  approxi¬ 
mate  relationships  are  valid: 


«BeX  =  1,178  OcaX  —  1,846,  (16) 

«Mgx  =  1,1 19  rtcax  — 1,168,  (17) 

«srx  =  0,9734  rrcax  —  0,780,  (18) 

«cax  =  0,9491  ncax  +  0,980,  (19) 


where  X  =  O,  S,  Se,  Te,  and 


=  1,057  ^MrS  —  1,208 

(20) 

^MeSc  =  0,9828  riMrs  -\-  0,327, 

(21) 

«MeTe  =  0,9421  flMeS  1  0,990. 

(22) 
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where  Me  =  Be,  Mg,  Ca,  Sr,  and  Ba.  For  tlie  17  substances  tlie  average  deviation  is  0.019  A  and  the  maximum 
deviation  is  0.038  A.  The  values,  agj.Q  =  3.826  and  ajy^g-j-g  =  5.90  A,  calculated  according  to  this  equation 
will  not  correspond  to  the  real  values,  since  these  substances  have  structures  which  are  not  similar  to  the  other 
compounds.  Somewhat  larger  deviations  in  tlie  case  of  BeS,  BeSe,  and  BeTe  are  apparently  due  to  the  fact 
that  their  type  of  lattice  is  different  from  that  of  odier  compounds  of  group  VI. 

Tlie  average  error  in  tlie  value  of  a  calculated  by  Eqs.  (4)  to  (22)  for  45  substances  is  less  than  0.01  A, 
i.e.,  for  most  of  the  compounds  it  is  within  die  limits  of  die  experimental  error. 

Comparison  of  Interatomic  Distances  in  Gaseous  Substances 

J_ 

Tlie  method  of  comparative  calculation  of  interatomic  distances  in  gaseous  compounds  is  mote  precise 
and  can  be  applied  to  a  greater  number  of  elements;  contrary  to  crystalline  substances,  the  effect  of  structural 
differences  on  the  value  of  d  is  insignificant. 

Data  concerning  interatomic  distances  of  gaseous  substances  are  not  very  numerous  (see  [12],  for  example). 
Furthermore,  although  the  error  in  d  for  a  number  of  cases  is  insignificant  (often  of  the  order  of  0.01  A),  it  is 
also  often  large;  in  addition,  one  must  keep  in  mind  the  discrepancies  between  the  results  obtained  by  different 
investigators,  and  the  experimental  difficulties  (particularly  the  decomposition  of  the  substance  during  heating). 
But  even  for  these  relatively  limited  and  sometimes  contradictory  results,  it  is  easy  to  show  the  usefulness  of  the 
method  of  comparative  calculation.  This  can  be  seen,  for  example,  in  the  following  equations: 

f^Mc-nr  -  1 ^Mc--CI  +0,1.3,  ^23) 

zn—x  ~  0,98  dcii—\  —  0,12,  (24) 

which  describe  die  relationship  between  the  interatomic  distances,  metal—  halogen,in  bromides  and  chlorides  of 
die  elements  of  die  beryllium  subgroup  [13-17]  and  halides  of  cadmium  [18]  and  zinc  [19,  20], 

It  can  be  seen  directly  from  Fig.  6,  in  which  the  dimensions  of  each  rectangle  correspond  to  the  error  of 
values  of  d,  that  die  error  in  calculation  by  Eqs.  (23)  and  (24)  is  within  the  limits  of  precision  of  the  experi¬ 
mental  results.  It  is  also  important  that  the  points  corresponding  to  fluorides,  for  example  on  the  curve  re¬ 
presenting  the  variation  of  d  as  a  function  of  the  number  of  die  element,  Z  [21],  are  practically  on  the  same 
straight  line  as  die  points  corresponding  to  odier  halides.  This  confirmation  can  be  extended  from  F  to  Be  (see 
Fig.  G)  and  to  odier  elements  of  the  second  period.  At  the  same  time,  it  can  be  seen  that  equations  of  the  type 
of  (23)  and  (24)  eliminate  a  certain  nonlinearity  in  the  relauonship,  d  =  /  (Z),  for  the  elements  of  groups  III  (IV)  - 
VI. 

Equations  (23)  and  (24)  are  examples  of  the  approximate  relationship, 

./ji  =  “I"  (25) 

between  the  interatomic  distances  in  two  groups  of  related  elements;  this  relationship  represents  a  particular 
example  of  the  first  mediod  of  comparative  calculation  (see  [2],  for  example).  Tlie  fact  that  in  (23)  and  (24) 
die  value  of  the  coefficient,  Aj,  is  close  to  unity  is  due  to  the  closeness  of  the  properties  of  the  elements  in  the 
different  groups  being  compared;  this  also  explains  the  fact  that  the  point  corresponding  to  MeF  falls  on  the 
common  straight  line. 

In  particular  cases,  Eq.  (25)  can  be  used  also  to  increase  die  precision  of  the  results  in  determining  d . 

Thus,  it  makes  it  possible  to  reveal  the  lack  of  precision  and  the  contradiction  between  the  values  of  d, 
summarized  in  [12],  for  some  compounds  of  die  lidiium  subgroup.  One  can  assume  in  particular  that  the  most 
precise  value  of  is  between  the  values  found  in  die  literature,  2.88  A  [21],  and  3.06  A  [22]  (see  [4]). 

The  fact  diat  the  points  fall  satisfactorily  on  die  straight  line,  dj^g_|^l  =  /  (dj;^e_3f),  indicates  that  the  properties 
of  die  hydride  and  the  halides  are  close;  on  the  other  hand,  die  difference  between  the  hydrides  and  the  halides 
is  revealed  by  the  fact  that  for  the  hydrides  die  value  of  die  coefficient,  Aj,  differs  considerably  from  unity. 
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Comparison  of  the  values  of  d  in  several  groups  of  similar  substances  is  of  considerable  interest,  especially 
if  these  values  are  reliable  and  from  one  laboratory.  This  comparison  is  possible  due  to  a  summary  of  results 
[23]  obtained  by  Akishin  and  co-workers  [13-17].  From  this  comparison  one  can  not  only  predict  new  values 
but  sec  clearly  that  the  value  of  d  for  a  series  of  similar  substances  forms  a  system  of  values.  This  system  of 
values  is  illustrated  in  Fig.  7,  using  the  values  of  d  from  [13-17]  for  halides  of  the  elements  of  the  beryllium 
subgroup.  This  figure  also  shows  the  values  concerning  the  hydrides,  illustrating  their  similarity  to  fluorides, 
and  also  values  for  cadmium  [18]  and  zinc  [19]  halides,  illustrating  the  difference  between  them  and  the 
halides  from  the  beryllium  subgroup:  a  different  slope  of  the  straight  line  and  the  fact  that  the  points  for  the 
fluorides  do  not  lie  on  the  curve. 

From  this  comparison,  we  can  draw  a  few  conclusions.  For  all  molecules  (probably  with  the  exception  of 
BeF|)  the  results  of  the  calculation  according  to  Eq.  (25)  ate  within  the  limits  of  the  experimental  error,  in¬ 
dicated  by  the  height  and  width  of  the  rectangle  surrounding  the  point.  If  the  values  of  dg^.p  =  1.36  and 
dge-ci  =  1.7  A  given  in  [12]  are  correct,  the  same  cannot  be  said  of  the  values  of  d^^^.p  =  2.02,  or  particularly 
of  d^a-Cl  ■  same  publication.  Figure  7  makes  it  possible  to  calculate  the  value  for 

which  equals  2.53  A.  * 


Fig.  7.  Relationship  between  the  interatomic  distances, 
dj^e-X*  gaseous  halides  and  hydrides  of  elements  of  the 
beryllium  subgroup,  and  also  for  zinc. 


Figure  8  represents  tlie  relationship  between  the  values  of  d  for  the  halides  of  the  carbon  subgroup.  The 
diagram  was  drawn  mainly  on  the  basis  of  the  values  given  in  [25];  other  values  were  taken  from  [12]  and  [26]. 
Aside  from  the  value  for  dp.^  (X,  F,  Cl,  Br,  1)  we  have  also  drawn  the  value  of  d  for  hydrides,  metal-metal 
compounds,  CH3-X,  and  also  for  Pb*'  and  Sn*’.  This  diagram  shows  that  the  deviation  from  the  additivity  of 
the  interatomic  distances  of  the  elements  of  group  IV  is  considerably  larger  than  for  the  elements  of  group  11. 

The  fact  that  the  compounds  C-X  and  Me-F  do  not  follow  the  straight  line  is  due  to  the  fact  that  the  compounds 


•  After  completion  of  this  work  the  authors  became  acquainted  with  the  investigation  [24],  in  which  it  was 
found  experimentally  that  dj^g.j  =  2.52  ±  0.03  A;  (determination  of  tliis  value  according  to  the  curve, 
d=  /  (Z)  [21],  gives  dj^g.j  =  2.54  A). 
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of  C  and  F  arc  the  first  elements  in  the  series  of  similar  compounds.  It  must  he  noted  that  the  straight  line 
representing  the  value  of  d  given  here  for  tlie  compounds  Me-F  is  approximate,  since  the  points  corresponding 
to  different  metals  can  be  considered  as  belonging  to  the  straight  line  only  in  the  first  approximation.  A  de¬ 
viation  from  tlie  straight  line  for  Pb”  and  Sn’*  indicates  that  their  properties  differ  from  the  propenies  corre¬ 
sponding  to  the  quadrivalent  cations.  Figure  8  shows  tliat  dp^-Br  2.58,  dp^-i  «  2.77,  dgn-Sn  «  2.75  ,  and 
die  most  precise  value  of  dgj.g^  is  apparently  close  to  2.20,  d^g.^  to  1.95,  d^jg.gj  to  2.27,  and  d3Q_gf 
to  2.50  A. 
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Similar  results  are  obtained  for  the  compounds  of 
group  V.  However,  the  insufficient  number  and  uncer¬ 
tainty  of  the  values  of  d  (see  [26J  ,  for  example)  do  not 
allow  us  to  treat  these  data  by  the  method  described. 


n  ^ 


Fig.  8.  Relationship  between  inter¬ 
atomic  distances  for  some  gaseous 
compounds  of  the  carbon  subgroup. 


Fig.  9.  Relationsliip  between  the 
constants,  a ,  of  die  crystal  lattice 
and  the  interatomic  distances, 
dMe-x»  some  halides  of  the 
lithium  subgroup  in  the  gaseous 
state. 


Tlie  similarity  between  die  Pb  '  and  Sn“  com¬ 
pound  is  seen  much  more  clearly  from  the  curve, 

^Sn*'  -  X  ~  ^  ^*^Pb**  -  X  drawn  this  graph  according  to  the  values  recommended  in  [27]  and  [28] 

we  would  have  obtained  results  similar  to  those  represented  in  Fig.  8. 


In  some  cases  the  method  of  comparative  calculation  makes  it  possible  to  evaluate  d  for  a  whole  series 
of  elements.  We  shall  illustrate  this  with  the  example  of  radium  halides  for  which  we  shall  use  the  second 
method  of  comparative  calculation  (see  [3J,  for  example)  in  the  form; 

d  =  A^a  -1-  /yj,  (26) 

in  which  a  is  a  lattice  constant  of  the  corresponding  crystalline  compound.  A  comparison  according  to  this 
equation  has  a  meaning,  of  course,  only  under  the  condition  that  the  substances  compared  arc  isostruc rural, 

Tliis  assumption  is  illustrated  by  the  data  in  Fig.  9.  For  Na,  K,  and  Rb  halides  the  points  follow  practically  a 
straight  line  *  while  die  points  corresponding  to  CsX  fall  on  the  side.  This  is  due  to  the  fact  that  CsCl,  CsBr, 
and  Csl  are  crystallized  with  a  different  coordination.  This  graph  (as  well  as  the  graph  of  dMe-Cl"  /^‘^Me-Br^ 
indicates  also  that  die  value  of  is  between  those  given  in  [4]  and  is  closer  to  the  first  of  them. 


*  The  fact  that  die  point  corresponding  to  KI  is  out  of  line  is  probably  due,  to  a  considerable  degree,  to  the 
error  in  die  value  of  dj^.j  [4]. 
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Returning  now  to  ilie  problem  of  evaluating  dpa-X*  Ca-Ra  group  of  fluorides,  since  they 

are  isostructural  [4],  Tlierefore,  we  can  apply  Lq.  (26)  to  them,  according  to  which 

(Ivv-y  ^27) 


By  extrapolation  we  found  dp^.p  »  2.4  A.  Using  this  value  and  Fig.  7,  we  determined  that  ‘^Ra-Cl  2.92, 
‘^Ra-Br  «  ‘^Ra-l  ^Ra-H  ^  2.:ih  A. 


It  is  well  known  tliat  interatomic  distances  depetid  oti  the  type  of  bond,  which  is  determined  by  the 
different  valence  states  of  the  atotns  129J.  It  was  detertnined  I29j  that  there  exists  a  relationship  between  the 
interatomic  distances  and  the  valence  states  of  the  carbon  atotns  in  different  cotnpontuls;  the  interatotnic 
distance  decreases  when  the  "tetrahedral  systetn"  of  valences  of  the  carboti  atotn  is  replaced  by  a  "plane"  or 


"linear"  systetn  of  valences. 


Fig.  10.  Relationship  between  the  values 
of  clp_j^  for  some  gaseous  compounds  of 
the  carbon  subgroup. 


In  this  case,  we  can  also  use  Eq.  (25).  This  can 
be  seen  from  Fig.  10,  drawn  according  to  values  ob¬ 
tained  in  I20j.  The  fact  that  iti  this  case  the  atotns 
are  the  satne  and  only  tlie  type  of  botul  is  differctit 
leads  to  the  possibility  of  using  in  Eq.  (25),  Bj  »  0, 
i.e.,  using  tlte  equation: 

'‘i<  (28) 

<•-  \ 
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0  u?  Oi  06  0.1  to  '•..4 

Fig.  11.  Relationship  between  the 
covalent  radii  of  some  elements 
of  the  second  period. 


Although  in  the  majority  of  cases  die  difference  between  f/\  ,  <1  ..  ^md  is  only  slightly  greater 

dian  the  experimental  error  of  diese  values,  diere  is  no  question  of  the  validity  of  Eq.  (28).  Figure  10  shows  that 
the  value  of  the  constant,  Aj,  in  this  equation  varies  regularly. 

The  existence  of  similar  regularities  in  die  relationship  between  covalent  radii,  r  ,  and  die  binding 
multiplicity  factor  is  seen  in  Fig.  11. 


SUMMARY 

1.  We  have  described  some  approximate  relationships  between  interatomic  distances  in  a  series  of  similar 
molecules  which  are  particular  cases  of  two  methods  of  comparative  calculation. 
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2.  We  have  calculated  the  approximate  value  of  interatomic  distances,  d,  in  a  gaseous  molecule  for 
tile  following  previously  uninvestigated  compounds;  Ra-Cl  (2.92),  Ra-Br  (3.1),  Ra-1  (3.3),  and  Ra-H  (2.35), 
Sn'*"  -  Sn"*’  (2.75),  Pb“'*-Br  (2.58),  Ph  ’*' -  I  (2.77  A).  More  precise  values  of  d  were  found  for:  Si-Br 
(2.22),  Ge-Br(2.27),  Sn  ”'  -  Br  (2.50),  and  Ba-H  (2.17  A). 
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This  work  is  devoted  to  the  investigation  of  phenomena  of  disorder  in  the  structure  of  water 
in  ionic  sohiiions.  It  is  assumed  that  when  water  is  condensed  and  a  network  of  hydrogen  bonds  is 
formed,  a  redistribution  of  electron  density  in  the  molecule  and  the  hydrogen  bridge  occurs,  which 
ts  equivalent  to  the  appearance  of  a  dipole  whose  positive  end  ts  located  at  the  proton,  wliile  its 
negattve  end  lies  in  the  center  of  the  electron  cloud  corresponding  to  the  un.sliared  electron  pair 
of  the  oxygen  atom  in  the  neigiiboring  molecule.  A  specific  disruptive  action  of  "hydrogen  di¬ 
poles"  on  the  structure  of  water  in  the  electrostatic  field  of  an  ion  has  been  found.  Tlie  theory 
is  applied  to  the  calculation  of  the  structural  contribution  to  salting- out  ci^efficients.  Good 
agreetnent  is  achieved  with  experimental  values  of  the  saittng-out  coefficients  of  benzene  and 
the  clianges  in  the  height  of  energy  barriers  separating  cqui librium  positions  of  water  molecules 
tn  pure  water  and  ionic  solutions  (which,  as  Samoilov  showed,  are  the  principal  characteristic 
of  tJie  inner  hydration  of  ions),  if  the  "inherent  dipole  moment  of  the  hydrogen  bond"  is  taken 
to  be  0.83  D. 

Works  on  the  tnolecular- theoretical  analysis  of  saltitig-in  —  salting- out  phenomena  may  be  divided  into 
tliree  groups.  In  the  first  group  of  works  [Ij  salting-out  is  connected  with  dielectric  polarization  in  the  ion  field. 
In  these  theories  tlie  solvent  (water)  is  regarded  as  a  continuous  mediutn.  The  free  energy  of  solvation  is  cal¬ 
culated  on  the  basis  of  formal  electrostatics.  A  great  number  of  facts  contradict  the  indicated  theories.  It  is 
impossible  to  confirm  unambiguously  the  proposed  theory  of  inverse  proportionality  between  the  salting-out 
coefficient*  and  the  "average  ionic  radius,"  although  general  tendencies  —  increase  of  salting-out  capacity 
with  increase  of  charge  and  decrease  of  ionic  radius  —  are  confirmed  by  experiment  (see,  for  instance,  [2J). 

In  the  second  group  of  works  the  contraction  of  water  on  solution  of  ionic  salts  in  it,  leading  to  increase 
of  tlie  internal  pressure  in  the  solution,  is  taken  into  account.  In  a  recent  work  (.3J,  however,  where  this  point 
of  view  is  developed,  very  high  values  of  tlie  salting- out  coefficients  are  obtained. 

Finally,  a  generalization  [4J  of  tlie  electrostatic  theory  of  salting-out,  taking  into  account  die  action  of 
noncoulombic  (dispersion)  forces  between  ions  and  molecules  of  the  solvent  and  the  nonelectrolyte  being 
salted  out,  like  tlie  tlieory  of  McDevitt  and  Long,  correctly  predicts  the  sign  of  the  effect  but  leads  to  salting-out 
coefficients  which  are  one- third  to  one-half  the  actual  values. 


•  The  proportionality  coefficient  in  the  Sechenov  equation  log  /  =  K^Cs,  where  /  is  the  activity  coefficient 
of  the  nonelectrolyte  in  a  salt  solution  of  concentration  Cj  moles /liter. 
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None  of  the  enumerated  theories  takes  note  of  the  molecular  nature  of  tire  solvent  and  its  structure.  In 
the  present  article  an  attempt  is  made  to  estimate  tlie  order  of  magnitude  of  structural  influences  on  the  salting- 
out  coefficients,  proceeding  from  modern  ideas  on  the  structure  of  water. 

If  nonlinear  concentration  effects  (interionic  interaction,  overlapping  of  ionic  spheres  of  influence)  are 
avoided,  i.e.,  if  sufficiently  dilute  solutions  arc  considered,  the  analysis  of  salting- in  —  salting-out  phenomena 
naturally  falls  into  two  parts;  l)  investigation  of  the  interaction  of  ions  with  water  molecules  and  the  influence 
of  ions  on  its  structure;  2)  study  of  the  changes  that  occur  when  neutral  molecules  ate  added  to  water. 

The  latter  group  of  questions  was  discussed  qualitatively  by  Frank  and  Wen  [5j.  Here  we  confine  ourselves 
to  the  analysis  and  estimation  of  effects  connected  with  the  action  of  inorganic  ions  on  tlie  structure  of  water. 
Unfortunately,  tlie  quantitative  tlieory  of  the  thermodynamic  properties  of  water  is  not  sufficiently  developed 
as  yet.  One  variant  of  this  theory,  which,  though  by  no  means  complete  or  exact,  permits  a  satisfactory  approach 
to  the  analysis  of  phenomena  connected  with  changes  in  the  structure  of  water  in  ionic  solutions,  is  proposed  in 
vSection  1.  These  questions  are  discussed  in  Section  3,  special  attention  being  paid  to  ascertaining  the  role  of 
distant  effects  of  disorder,  determined  by  the  specific  properties  of  tlie  hydrogen  bond  (Section  2).  In  Section 
4  tlie  concepts  developed  are  applied  to  die  investigation  of  salting- in  —  salting- out  phenomena. 

Thermodynamic  Prop erties  and  Order  of  Water  in  the  Liquid  State 

Modern  ideas  on  the  tetrahedral  structure  of  water  were  developed  qualitatively  by  Bernal  and  Fowler  [6J. 
An  extensive  review  of  various  approaches  to  the  calculation  of  the  interactions  and  distribution  of  water 
molecules  is  given  in  Samoilov's  monograph  [7J. 

It  is  well-known  that  water  molecules  in  ice  have  tetrahedral  coordination  and  are  so  disposed  that  just 
one  proton  is  located  on  each  line  connecting  the  centers  of  adjacent  molecules.  Thermal  motion  of  the 
molecules  may  disturb  tliis  ideal  order,  since  some  of  die  adjacent  molecules  will  be  so  oriented  that  either 
two  protons  or  none  are  located  on  the  oxygen— oxygen  line.  Tlie  number  of  such  •irregular"  configurations  in 
ice  is  very  small.  According  to  Bjerrum’s  estimate  [8j,  the  proportion  of  these  states  does  not  exceed  3.4 ’lO”*. 
Besides  intramolecular  vibrations,  water  molecules  in  ice  describe  two  main  types  of  motion;  l)  translational 
vibration  within  a  cell  whose  walls  ate  formed  by  die  force  fields  of  die  neighboring  molecules,  and  2)  small 
vibrations  about  various  equilibrium  orientations  (restricted  rotation  or  oscillation  in  Bjerrum's  terminology  1.8]). 

Tlic  transition  from  the  solid  to  die  liquid  state  leads  to  the  appearance  of  new  elements  of  disorder; 

a)  In  die  less-ordered  liquid  structure  the  number  of  •irregular*  types  of  11— H  and  0  —  0  neighborhoods 
may  increase  considerably. 

b)  A  qualitative  change  in  the  character  of  the  molecular  oscillation  is  possible;  in  particular,  Pople  [9] 
introduced  the  concept  of  independent  bending  of  die  bonds  *  formed  by  a  moiecule  in  water. 

c)  The  appearance  of  structures  widi  coordination  differing  from  that  of  the  molecules  in  ice.  Bernal  and 
Fowler  [Gj  presumed  diat  three  structures  exist  simultaneously  in  liquid  water;  ice- type  (I),  quartz-type  (II), 
and  close- packed  (111).  On  the  basis  of  investigations  of  the  compressibility  of  water.  Hall  [11]  developed  a 
bistructural  water  model,  according  to  which  the  ice- type  and  close- packed  structures  are  simultaneously  pre¬ 
sent  in  liquid  water.  Grjodieim  and  Krogh-Moe  [12]  developed  a  similar  point  of  view  in  order  to  explain  the 
volume  anomaly  of  water.  Recently,  Mikliailov  and  Syrnikov  [13]  proposed  a  comparison  of  the  ice- like  and 
close- packed  structures  determined  formally  by  Hall,  widi  the  obvious  model  of  tlie  tetrahedral  structure  with 
partly  filled  voids.  The  possibility  of  explaining  tlie  peculiarities  of  the  radial  distribution  functions  of  water, 
obtained  from  x-ray  data,  and  otlier  anomalous  properties  of  water  by  tlie  filling  of  voids  in  the  structure,  was 
pointed  out  long  ago  by  Samoilov  [14j. 

•  The  concept  of  independent  bending  of  bonds  in  die  liquid  state  is  not  wholly  consistent  with  the  resuits  of 
Fox  and  Martin  [10],  who  studied  the  infrared  absorption  spectra  of  ice  and  water.  In  this  work,  it  was  found 
that  the  intensity  of  die  absorption  band  at  about  1600  cm"^,  which  is  ascribed  to  deformation  vibrations  of 
the  water  molecule,  increases  widi  temperature.  At  die  same  time  die  widdi  of  this  band  decreases.  These 
peculiarities  may  be  explained  by  an  increase  in  die  number  of  molecules  whose  intramolecular  vibrations  are 
not  excited  by  neighbors. 
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d)  The  appearance  of  vacant  nodes  in  the  tetrahedral  lattice. 

In  calculations  of  tliermodynamic  properties  it  is  essential  to  estimate  correctly  the  potential  interactions 
and  changes  of  Interaction  energy  with  change  in  the  relative  positions  of  the  molecules  and  their  neighbors.  At 
present  a  single  point  of  view  on  the  mechanism  of  bond  breaking  in  water  does  not  exist.  Different  authors 
interpret  this  concept  differently  and  give  different  quantitative  estimates  of  hydrogen-bond  energy.  With  any 
of  the  above- listed  methods  of  thermal  disordering,  probably,  different  types  of  interactions  (hydrogen- bond, 
dipole-dipole,  dispersion,  repulsion  interactions)  change  to  a  different  degree. 

In  the  present  article  only  orientational  disorder  connected  with  the  appearance  of  "irregular"  types  of 
H— H  and  0  —  0  neighborhoods  in  liquid  water  are  considered.  Here,  we  do  not  confine  ourselves  to  a  definite 
model  of  die  water  molecule  and  the  nature  of  die  hydrogen  bond,  but  introduce  a  set  of  energy  parameters 

coo.  Eon  =  Eno.  which  are  contributions  to  die  energy  of  interaction  of  a  water  molecule  with  its 
nearest  neighbors  in  nodes  of  the  tetrahedral  lattice,  from  die  corresponding  types  of  neighborhoods;  these  para¬ 
meters  are  so  chosen  as  to  obtain  agreement  with  experimental  data  for  the  enthalpy  and  entropy  of  water. 

Simplifying  the  actual  situation  somewhat,  we  shall  consider  the  distribution  A^hh  ^oo 

and  Afoii  =  of  numbers  of  different  types  of  H —H,  0—0,  and  O-H,  H— O  neighborhoods 

(the  symbol  O  — H  corresponds  to  the  case  where  die  molecule  under  consideration  is  oriented  by  the  oxygen 
atom  to  a  proton  of  a  neighboring  molecule)  out  of  2N  possible  positions  in  a  system  of  N  water  molecules, 
assuming  that  this  distribution  does  not  depend  on  the  character  of  the  vibratory  and  oscillatory  motions  described 
by  the  water  molecules. 

In  the  theory  of  free  volume  the  statistical  integral  of  a  system  of  N  water  molecules  may  be  represented 
in  the  form 


Oo 


V,  oxp  (— 


(1.1) 


Here  ^  is  the  function  of  state,  corresponding  to  intramolecular  vibrational  degrees  of  freedom.  At  room  tem¬ 
perature  ~  1  and  is  practically  independent  of  temperature.  Therefore,  the  contribution  of  vibrational  degrees 
of  freedom  of  the  water  molecule  to  the  diermodynamic  properties  may  be  neglected  [8]. 

The  free  energy  of  water  F  =  -  kT  In  O  is  determined  in  conformity  widi  Eq.  (l.l)  by  diree  main  factors; 

1)  The  configuration  factor  G/Gq,  for  which,  as  a  quasichemical  approximation,  one  may  put  [IbJ* 

JL  —  (A^/2)!  (A^/2)! 

Go  ^uii-  ^on  •  ^110* 

2)  The  potential  factor  exp  (—  E/kT),  where  E  is  the  potential  energy  of  interaction  of  N  water  molecules 
located  in  their  average  positions  in  nodes  of  the  quasicrystal  lattice: 

h  N  (xniiPnii  H-^oiiEoii  4-^hoEiio  -1-^ooEoo)- 

The  energy  parameters  c  are  functions  only  of  the  system  density. 

3)  The  free  volume  vy  simultaneously  takes  into  account  many  influences:  a)  vibration  and  oscillation 
of  the  molecules  about  equilibrium  positions  in  lattice  nodes;  b)  distortion  of  the  regular  tetrahedral  structure 
as  a  result  of  thermal  motion  of  the  molecules  (bending  of  bonds  according  to  Pople,  fluctuations  of  the  co¬ 
ordination  number,  and  tlie  like);  c)  tlie  interrelation  between  vibratory  motion  of  the  molecules  and  orienta¬ 
tional  disorder. 


•  The  normalizing  factor  Gq  is  so  determined  that  G/Gq  -*  1  as  T  oo,  when  the  distribution  of  protons  witli 
respect  to  bonds  becomes  disordered  and  =  Nqq  N =  lVy2. 
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An  exact  description  of  the  latter  relation  would  be  very  difficult.  As  a  very  simple,  rough  estimate, 
however,  an  approximate  expression  of  the  free  volume  through  .<’on.  analogous  to  the  free- 

volume  approximation  in  hole  theories  of  simple  liquids  [16J,  may  be  used: 

In  (I'j  /  v)  —  ij'iiiiJ’nH  -j-  i^jio^iiO“r  tToo-^'oo- 

The  coefficients  depend  on  the  density  and  to  a  slight  degree  on  the  temperature. 

Tliermodynamically,  the  equilibrium  distribution  of  protons  witli  respect  to  bonds,  characterized  by  the 
"concentrations"  x  of  different  types  of  neighboihoods  will  be  found  from  the  condition  of  minimum  free  energy. 
In  this  case,  the  conditions  of  normalization  Juji  .foil  I  ^nd  symmetry  Tmi  —  .foo  =  1  — J',  .fiio  = 

=  .Toil  ./•.  must  be  fulfilled. 

The  temperature  and  volume  dependence  of  x  (the  proportion  of  hydrogen  bonds)  is  given  by  the 
equation 


(j^)  =  t'xp  [q  —  (f  HT)], 


(1.2) 


where  q  =  qoii  —  {qoo  -p  -  and  e  =  2eoH  —  tTiii  —  foo- 

Now  the  temperature  and  volume  dependence  of  any  thermodynamic  property  of  water  may  be  calculated 
from  Eq.  (l.l)  if  it  is  known  how  e  depends  on  the  density  and  q  on  the  temperature  and  density.  In  particular, 
for  the  internal  energy  and  entropy  of  water,  we  obtain 

T.  =  +  .re  m  ’-  -l-  const  (f), 

.V  =  4  JlhiT-r  Jtr/X  1  /Mil  (G/G„)  +  liT  +  const  (r). 

In  {(•/Cn)  =  —  2  In  2  2 (1  —  a-)  In  (1  —  x)  —  2a’  In  x, 

where  (!)  ("oo  i:nii)/2. 

Our  equations  contain  four  unknown  parameters:  c,q  and  tlie  derivatives  (f7«l>  (y'/’)  and  {OqiifT)^.. 

We  developed  a  special  method  of  successive  approximations  in  order  to  calculate  the  temperature  and  volume 
dependence  of  unknown  parameters  from  experimental  data  for  the  entlialpy  and  entropy  of  liquid  water. 

It  can  be  shown  tliat  die  contribution  of  die  configuration  term  R  In  (G/Gq)  to  the  entropy  is  about  5*70 
of  die  contribution  to  the  enthalpy,  which  is  proportional  to  x .  In  the  first  approximation,  dierefore,  one  may 
write  for  two  arbitrarily  chosen  temperatures  Tj  and  T2: 

t  (.,  (V.)  -  x(V,)}  =  A-  (7’,,)  -  -  4  77  (7’,  -  7’,)  -  H  (1%  -  7  ;)  t,  -  a; 

/f,/  {.c  (7',)  -  x(T,))  =  />  (7',)  -  6-  (7’,)  -  4  77  In  -  /( O'.  -  T,)  ?  e  % 


where  ^  -f  x  {OqldT)i,. 

For  known  values  of  Tj,  T2,  and  v  and  with  fixed  S,  values  of  a  and  0  are  calculated  from  experi¬ 
mental  data  for  die  enthalpy  and  entropy  of  liquid  water  L17J.  From  (1.3)  we  obtain  e  /Rq  =  a/0  ,  this  ratio 
being  known.  Now  the  first  of  Eqs.  (1.3)  contains  only  one  unknown  parameter  c,  since,  according  to  (1.2), 
x(T)  depends  only  on^  and  e.  This  equation  was  solved  graphically. 

We  carried  out  quantitative  calculations  for  die  specific  volume  1.0018  cmVg.  Water  has  this  specific 
volume  under  atmospheric  pressure- at  20".  We  took  0"  and  20"  for  Tj  and  T2  in  Eqs.  (1.3).  The  relation 
between  the  parameters  figuring  in  our  equations,  and  C,  is  given  in  Table  1.  For  diese  same  values  of  C  the 
endialpy  of  water  at  GO"  was  calculated  (Table  2),  5  and  q  being  regarded  as  constant  in  the  temperature 
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interval  under  consideration.  Calculated  values  of  H  vary  linearly  with  respect  to  C  •  Finally  g  is  so  chosen 
that  the  calculated  enthalpy  coincides  with  the  experimental  value,  1.21  kcal/mole  at  60°.  This  value  of 
g  =  —  0.0104  (Table  2).  In  Fig.  1  are  shown  several  calculated  values  of  the  enthalpy  of  liquid  water  for  g  = 
=  -  0.0104  and  tlie  somewhat  lower  value  g  =  -  0,0110.  The  solid  curve  is  drawn  from  experimental  data 
[17],  At  g  =  —  0.0104  the  calculated  values  of  entlialpy  at  several  temperatures  in  the  interval  0-60°  agree 
excellently  with  experiment. 


TABLE  1  TABLE  2 


!  1  , 

H. 

1 

kcal/mole 

kcal/  mole 

0,010 

1 

7..'.l  j  10,4 

-0,010 

1,16 

0,01 1 

8.18  11,2 

— O.OIl 

1,28 

0,012 

0,20  I  12,4 

—  0,012 

1,40 

O.OIO'i  1 

1  7.82  1  10,7.4 

— 0,Ol0i 

1  1,21 

In  tlte  next  approximation  the  difference  A  fl  between  values  of  R  In  (G/Gq)  for  0  and  20°  must  be 
calculated  by  using  the  determined  parameters  e  and  q,  tlie  new  value  3’  =  S  —  A  0  being  obtained.  The 
entire  procedure  is  repeated  for  tltis  3’,  etc.  However,  these  calculations  are  very  laborious.  Therefore,  we 
confine  ourselves  here  to  the  first  approximation.  As  a  consequence  of  this,  the  calculated  entropy  at  60°  is 
:i0%  higher  titan  the  experimental  value.  Thus,  tlie  results  obtained  must  be  regarded  as  rough  estimates. 


TABLE  3 

Percentage  of  Bonds  Broken  in  die  Fusion  of  Ice 


Cross,  Burnliam,  and  Leighton  [18] 

50 

Taft  and  Sisler  [21] 

11 

Ewell  and  Eyring  [19] 

44 

Lagunov  [22] 

10 

Grjodieim  and  Krogh-Moe  [12] 

33* 

Haggis,  Hasted,  and  Buchanan  [23] 

9 

Pauling  [20] 

15 

Pople  [9] 

0 

Our  work 

14 

*  Grjodieim  and  Krogh-Moe  considered  a  bistructural  model  of  water  and  identified  die 
proportion  of  die  close-packed  structure,  which  they  estimated  from  density  data,  widi 
the  proportion  of  broken  bonds.  We  calculated  diis  quantity  again,  assuming  diat  half 
the  bonds  are  retained  in  the  close- packed  structure.  These  data  are  given  in  Table  3 
and  Fig.  2. 

The  change  in  die  structure  of  water  and  its  diermodynamic  and  odier  properties  on  melting  is  connected 
by  several  audiors  widi  the  breaking  of  hydrogen  bonds.  Since,  practically,  =  0  in  the  solid  state,  die  value 
^HH  be  regarded  as  die  proportion  of  bonds  broken  on  melting.  We  calculated  the  temperature  de¬ 
pendence  of  xj^jj  by  means  of  Eq.  (1.2)  and  the  data  of  Table  1.  From  diese  calculations  it  follows  that  13.8% 
of  die  bonds  are  broken  on  melting.  In  Table  3  diis  result  is  compared  widi  the  data  of  other  audiors. 

Table  3  shows  diat  all  estimates  are  divided  into  two  groups:  10-15%  and  30-50%.  It  is  interesting  to 
note  diat  the  higher  estimates  were  obtained  through  analysis  of  properties  (viscosity  [19],  density  [12])  for 
which  mechanisms  of  disordering  (filling  of  voids  in  die  stmcture,  appearance  of  vacant  nodes  in  the  lattice) 
which  we  did  not  take  into  account  are  very  important.  The  lower  values  were  obtained  dirough  analysis  of  the 
dielectric  properties  of  water  and  ice  [22,  23],  Pople  [9],  who  in  principle  does  not  consider  die  possibility  of 
bond  breaking,  notes  that  a  high  percentage  of  broken  bonds  is  incompatible  with  the  high  dielectric  constant 
of  water.  Apparently,  the  passing  of  a  water  molecule  into  a  void  in  die  stmcture  is  accompanied  only  by  a 
change  in  the  character  of  the  bond  (transition  from  a  covalent  hydrogen  bond  to  dipole- dipole  interaction 
[24]).  The  strong  orientational  correlation  inlierent  in  the  ice- like  stmcture  is  weakened  in  this  case,  probably 
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to  an  iasignificani  degree.  This  eoneliision  is  eonsisteni  with  the  great  number  of  broken  bonds  in  water,  found 
by  Cross,  Butnliam,  and  U'ighion  llHj,  who  studied  ihe  Raman  s|x:etriim  of  water,  if  the  sliift  of  bands  In  the 
vibration  speetrum  of  liquid  water  is  ascribed  to  tlie  appearance  of  a  partly  covalent  bond  between  hydrogen 
and  oxygen  atoms  of  neighboring  molecules. 


//  kcal/iiudi 


Fig.  1.  Entlialpy  of  water  for  v  = 
=  1.0018  cmVg.  Standard  state 
Gl  O);  liquid  water  at  0“  in 
equilibrium  with  the  solid  phase. 


Fig.  2.  Percentage  of  broken  biutds  in 
water:  l)  Grjotheim  and  Krogh-Mr«  [1  2j; 
2)  our  work;  8)  Haggis,  Hasted,  and 
Buclianan  I28j. 


Values  of  tlie  temperature  de|iendcnce  of  ihe  percentage  of  broken  bonds,  obtained  by  Haggis,  Hasted, 
and  Buchanan  I28j,  Grjotheim  and  Krogh-Moe  II2J,  and  by  us,  are  compared  in  Fig.  2.  In  all  cases,  the  tem¬ 
perature  dependence  proved  to  be  almost  linear  between  0  and  GO" 

TABLE  4 

Energy  of  tlie  Hydrogen  Bond  (kcal/mole) 


Rowlinson  L25J 

4.86 

dur  work 

8.9 

Pauling  [20j 

4.5 

Cross,  Burnliam,  and  Ijcighton  [  18J 

8.0 

Taft  and  Sisler  [21 J 

4.25 

Grjotheim  and  Krogh-Moe  112J 

2.G 

It  is  of  interest  to  estimate  the  energy  of  tlie  hydrogen  bond  by  means  of  our  values  of  the  parameter 
3  J3(,||  —  -  nil  -cod  For  different  typesof  neighbor! mods  the  quantities  f  ate  the  result  of  addition  of 

interactions  of  different  nature.  In  the  absence  of  a  specific  hydrogen  bond  having  a  sharply  directional 
character,  it  would  follow  from  the  requirement  of  spherical  symmeiry  that  f  ~  0.  Therefore  e  /2  may  be 
regarded  as  the  energy  of  the  hydrogen  bond  proper.  Various  estimates  of  this  quantity  are  compared  in  Table  4. 
Here  also  is  observed  a  clear  division  into  two  groups;  l.b  kcal/mole  and  8  kcal/mole. 

2.  Structure  of  the  Water  Molecule  and  the  Nature  of  the  Hydrogen  Bond 

An  exact  expression  for  tlie  electrostatic  interaction  energy  of  an  ion  and  the  system  of  water  molecules 
surrounding  it  can  be  written  only  if  the  charge  distribution  in  tlie  molecule  is  known.  The  question  of  the 
relative  position  of  the  two  protons  and  die  oxygen  nucleus  may  be  considered  solved  t7j:  on  the  basis  of  study 
of  the  infrared  spectrum  of  water  vapor,  it  may  be  concluded  that  the  diree  nuclei  are  located  at  the  vertices 
of  an  isosceles  triangle.  The  oxygen  -  proton  distance  is  0.9G  A,  and  the  interbond  angle  is  105". 

Unfortunately,  there  are  practically  no  data  on  the  real  electron-density  distribution  in  the  water  molecule. 
In  early  works  [20j  tlie  entire  dipole  moment  of  the  water  molecule  was  ascribed  to  the  partly  ionic  character 
of  the  O  — H  bond.  If  a  dipole  moment  of  1.54  D  is  ascribed  to  each  O  — H  bond,  it  may  be  said  that  each  of 
the  protons  bears  a  concentrated  ( harge  of  0.88  e,  which  is  compensated  by  a  total  charge  of  —  0.G6  e  on  the 
oxygen.  At  various  tunes  somewhat  similar  point  charge  models  were  proposed.  In  order  to  take  into  account 
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displacement  of  die  center  of  the  electron  shell  surrounding  ihe  oxygen  atom  in  tlie  field  of  tlie  prott^ns, 

Bernal  and  Fowler  [6J,  assuming  a  triangular  arrangement  of  charges,  put  a  charge  of  0.5  e  on  the  proton  and 
at  the  same  time  shifted  the  negative  charge  0.15  A  inside  the  triangle.  In  the  model  of  Fervei  [26j  a  positive 
charge  of  6  e  on  the  oxygen  nucleus  and  0.5  e  each  on  the  two  protons  is  compensated  by  a  negative  charge  of 
—  7e,  located  on  the  axis  of  the  molecule  within  the  triangle.  Campbell  127J  held  that  concentration  of  the 
entire  negative  charge  at  one  point  leads  to  considerable  overestimation  of  the  higlier  multipole  moments,  and 
put  two  negative  charges  of  0.37e  on  eacli  line  of  the  O  — H  bond,  at  a  distance  of  0.054  A  from  the  oxygen 
nucleus.  On  the  other  hand,  Rowlinson  [25j  showed  tliat  certain  structural  peculiarities  of  ice  can  be  explained 
by  assuming  that  the  negative  charge  on  the  oxygen  atom  is  divided  into  two  charges  located  on  a  line  per¬ 
pendicular  to  the  plane  of  the  nuclear  triangle,  and  at  a  distance  of  0.5  A  from  one  anotlier.  The  only  require¬ 
ment  which  the  described  model  must  meet  consists  in  obtaining  tlie  observed  dipole  moment  of  1 .87  D.  How¬ 
ever,  this  problem  admits  of  many  solutions.  The  situation  is  further  complicated  by  the  fact  that  none  of  these 
models  unambiguously  determines  thermodynamic  characteristics,  witJi  die  observed  values  of  which  a  com¬ 
parison  can  be  made.  With  the  appropriate  choice  of  parameters  for  interactions  of  a  nonelectrostatic  nature, 
any  of  tliese  models  leads  to  relatively  good  agreement  with  experiment. 

Complete  information  on  the  electron- density  distribution  in  the  water  molecule  can  be  obtained  in 
principle  by  means  of  quantum- mechanical  tlieory.  It  is  generally  known  that,  of  the  ten  electrons  in  the  water 
molecule,  the  two  1  s  electrons  of  the  oxygen  atom  practically  are  not  excited  when  the  molecule  is  formed, 
whereas  four  electrons  take  part  in  two  o- bonds  with  protons.  Pople  [28j  showed  that  die  remaining  four  non- 
bonding  electrons  are  disposed  in  pairs  in  hybrid  orbitals  forming  approximately  tetraliedral  angles  with  each 
odier  and  with  the  0~H  bonds.  The  existence  of  die  regular  tetrahedral  structure  of  ice  confirms  this  conclusion. 
Bjerrum  [8J  obtained  good  agreement  with  experimental  values  of  die  heat  of  sublimation  and  the  temperature 
variation  of  die  heat  capacity  of  ice,  for  a  symmetrical  model  of  an  equilateral  tetrahedron  at  whose  corners 
positive  and  negative  charges  of  0.17  e  are  located.  Pople  [28]  was  the  first  to  take  note  of  the  fact  that  the 
unshared  electrons  of  die  oxygen  atom  play  an  important  part  in  determining  the  dipole  moment  of  the  water 
molecule,  since  die  centers  of  the  electron  clouds  corresponding  to  die  unshared  electrons  are  quite  distant 
from  the  oxygen  nucleus.  Coulson  [29]  showed  that  the  simple  conception  of  ionic- covalent  resonance,  in 
which  the  influence  of  nonbonding  electrons  in  die  oxygen  atom  is  not  taken  into  account,  may  lead  one  to 
overestimate  seriously  die  contribution  of  die  ionic  structure  to  the  dipole  moment  of  die  O  — H  bond.  Recently, 
the  results  of  quantum- mechanical  calculations  of  the  dipole  moment  of  die  water  molecule  were  published 
[30],  based  on  wave  functions  [31]  more  exact  than  those  available  earlier.  These  calculations  lead  to  rather 
unexpected  conclusions  on  the  electron- density  distribution  in  die  water  molecule.  It  was  found  that  practically 
all  the  observed  dipole  moment  is  due  to  the  atomic  dipole  moment  of  oxygen,  die  polarity  of  die  O  —  H  bond 
being  exceedingly  low.  The  corresponding  dipole  moment  is  equal  to  0.16  D  instead  of  the  value  of  1.54  D, 
usually  ascribed  to  die  O-H  bond.  Thus,  the  triangular  models  described  above  contradict  the  exact  theory. 

The  results  of  Burnell  and  Coulson  [30]  make  necessary  a  different  approach  to  hydrogen- bond  theory. 

As  is  generally  known  [32],  the  simple  electrostatic  conception  of  the  hydrogen  bond  [8,  20,  25,  27,  33]  is  not 
adequate  to  explain  the  principal  manifestation  of  the  latter  —  the  shift  of  valence  vibration  frequencies  in  the 
infrared  spectra  toward  the  long- wave  region.  The  correct  sign  of  frequency  shift  is  obtained  only  if  it  is  assumed 
that  a  donor- acceptor  bond  appears  between  a  hydrogen  atom  of  one  molecule  and  die  oxygen  atom  of  a  neighbor¬ 
ing  molecule  as  a  result  of  overlapping  of  die  wave  functions  of  an  unshared  electron  pair  and  the  electron  of  the 
hydrogen  atom.  A  prerequisite  for  die  appearance  of  a  donor- acceptor  bond  is  a  sufficiently  high  positive  charge 
concentrated  on  die  hydrogen  atom  [32].  Since,  as  Burnell  and  Coulson  showed,  the  polarity  of  die  O  — H  bond 
is  very  slight,  Aleksandrov  and  Sokolov  [34]  recently  suggested  that  considerable  polarization  of  die  O  — H  bond 
occurs  in  the  process  of  hydrogen- bond  formation.  Polarization  of  the  electron  cloud  about  the  oxygen  atom  of 
the  neighboring  molecule  occurs  simultaneously  [35].  Moreover,  it  may  be  thought  that  die  appearance  of  a 
positive  charge  on  the  protons  causes  additional  deformation  (change  in  the  degree  of  s  -  p  hybridization)  of  die 
electron  cloud  of  diis  same  water  molecule,  produced  by  the  two  unshared  electron  pairs  of  the  oxygen  atom, 
which  is  expressed  in  a  certain  decrease  in  die  atomic  dipole  moment.  'Flitis,  the  formation  of  the  hydrogen 
bond  is  accompanied  by  drastic  redistribution  of  the  electron  density  in  the  water  molecule.  If,  it  is  assumed 
diat  the  final  charge  distribution  coincides  with  the  highly  symmetrical  distribution  suggested  by  Bjerrum  [8], 
we  come  to  the  conclusion  that  die  formation  of  a  hydrogen  bond  between  initially  free  water  molecules  is 
equivalent  to  the  appearance  of  a  dipole  whose  positive  end  is  located  at  die  proton,  whereas  its  negative  end 
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lies  in  ilie  center  of  the  deformed  electron  cloud  formed  by  an  unsliared  electron  pair  of  the  oxygen  atom.  In 
the  following  paragraphs,  it  will  be  shown  tliat  witli  the  proper  choice  of  •inlierent  dipole  moment  of  die  hydro¬ 
gen  bond"  diis  hypothesis  makes  it  possible  to  explain  and  to  connect  satisfactorily  a  great  number  of  facts. 

3.  Influence  of  Ions  on  the  Degree  of  Order  in  Water 

Analysis  of  the  phenomena  occurring  when  salts  dissolve  in  water  leads  to  a  very  complex  picture.  There 
are  a  number  of  facts  which  make  it  possible  to  bring  out  the  existence  of  specific  effects  connected  with  the 
change  in  the  structure  of  die  solvent  near  the  ions. 

Very  often,  especially  m  early  works,  concepts  of  ion  hydration  were  employed  in  order  to  interpret  the 
results  of  investigation  of  various  properties  of  ionic  solutions  (ionic  mobility,  density,  compressibility,  entropy, 
vapor  pressure,  salting-out,  etc.).  However,  hydration  numbers  determined  by  various  methods  do  not  agree 
widi  each  other  but  lie  in  a  very  wide  range  (O-IOOO).  Bockiis  [36J  suggested  that  one  distinguish  primary 
hydration,  consisting  in  binding  of  the  nearest  water  molecules  by  the  ion,  and  secondary  hydration,  due  to 
interaction  of  the  ion  with  more  distant  molecules.  In  a  number  of  works  by  Samoilov  [7J  is  developed  a  de¬ 
tailed,  dynamic  picture  of  exchange  of  water  molecules  between  die  layer  next  to  the  ion  and  the  remaining 
mass  of  "free"  water,  and  it  is  shown  that  concepts  of  strong  binding  of  water  in  the  hydration  shell  of  the  ion 
cannot  give  a  comprehensive  description  of  all  the  observed  phenomena.  It  was  found  that  some  ions  (e.g., 

Cs'*’,  I")  increase  die  mobility  of  the  neatest  water  molecules  (negative  hydration). 

In  order  to  describe  the  stnictural  changes  of  die  solvent  in  ionic  solutions,  Bernal  and  Fowler  [6J  intro¬ 
duced  the  concept  of  structural  temperature,  Williams  and  Millet  [37j  analyzed  the  infrared  spectra  of  salt 
solutions  in  a  wide  range  of  wavelengths  and  found,  in  conformity  widi  Bernal  and  Fowler’s  point  of  view,  that 
solution  of  a  salt  and  increase  in  temperature  shift  the  absorption- band  maxima  in  the  same  direction.  Such 
parallelism  of  changes  is  also  found  on  investigation  of  the  heat  capacity  of  aqueous  solutions  [38J.  Stewart  [39J 
notes  similar  effects  on  consideration  of  the  x-ray  scattering,  adiabatic  compressibility,  and  density  of  ionic 
solutions,  especially  emphasizing  that  remote  influences  of  ions  on  the  structure  of  water  are  manifested  here. 

Frank  and  Evans  [40j  analyzed  a  number  of  experimental  data  of  a  thermodynamic  nature  (entropy  of 
hydration,  partial  molar  heat  capacity)  and  came  to  the  conclusion  diat,  apart  from  the  strong  binding  of  water 
in  the  layer  next  to  the  ion  as  a  result  of  electrostatic  ion- dipole  interaction,  ions  have  a  disorganizing  effect 
on  more  distant  water  molecules,  disrupting  their  intrinsic  structure.  By  means  of  very  rough  approximate 
estimates  these  authors  calculated  the  contribution  from  tlie  effect  of  the  change  in  the  structure  of  water  near 
ions  to  the  entropy  of  hydration.  With  the  exception  of  Li'*’  and  F",  which  strongly  bind  water  molecules,  re¬ 
mote  interaction  amounts  to  pure  disruption  of  die  structure  of  water  by  ions. 

Frank  and  Evans  come  to  die  conclusion  that  three  layers  of  water  molecules  must  be  distinguished  near 
the  ion:  layer  A  of  water  molecules  next  to  the  ion,  strongly  bound  owing  to  electrostatic  ion- dipole  interaction; 
layer  B,  where  the  water  structure  is  less  ordered  than  in  die  first,  and  the  diird  layer  C  of  the  remaining  mass 
of  water,  which  does  not  undergo  structural  changes  (apart  from  the  "super- remote"  effect  of  polarization  of  die 
medium).  The  contributions  of  layers  B  and  C  to  the  entropy  of  hydration  have  different  signs  and  can  com¬ 
pensate  one  another.  The  thicknesses  of  die  first  and  second  layers  may  be  different  for  different  ions.  However, 
Frank  and  Evans  hold  that  layer  A  of  strongly  bound  water  molecules  always  exists  near  ions  of  any  nature.  This 
differs  from  Samoilov’s  point  of  view,  according  to  which  negatively  hydrated  ions  increase  die  mobility  of  water 
molecules  next  to  the  ion  [41j. 

In  a  recent  work  by  Frank  and  Wen  [5j  die  complex  picture  of  ion  hydration,  proposed  earlier,  is  supported 
by  a  number  of  new  experimental  data  (dielectric  relaxation,  diffusion,  thermal  conductivity).  The  question  as 
to  the  reasons  for  the  appearance  of  die  anomalously  disordered  layer  B  is  more  difficult.  Frank  and  Wen  suggest 
a  qualitative  explanation  which  reduces  to  the  following.  Water  molecules  in  layer  B  undergo  two  orienting  in¬ 
fluences:  "one  of  them  is  the  normal  structural  orienting  influence  of  the  neighboring  water  molecules"  of  layer 
C;  "the  other  is  the  orienting  influence  of  die  spherically  symmetrical  ion  field  on  the  dipole."  The  latter  in¬ 
fluence  predominates  in  layer  A,  and  die  former  predominates  in  layer  C.  Frank  and  Wen  write:  "It  is  not  un¬ 
likely  that  between  A  and  C  there  is  a  region  of  finite  width,  in  which  much  greater  orientational  disorder  exists 
than  in  A  or  C."  Gurney  [42],  taking  a  similar  position,  holds  diat  considerable  orientational  disorder  may  appear 
even  in  layer  A  of  water  molecules  next  to  the  ion. 
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However,  the  given  explanation  raises  objections.  Actually,  it  is  far  more  likely  tliat  tlie  degree  of  order 
In  ilie  water,  very  high  in  layer  A,  steadily  falls,  reaching  a  limiting  value  corresponding  to  ttie  degree  of  order 
of  pure  water  at  a  sufficiently  great  distance  from  tlie  ion  (in  layer  C).  Although  the  change  in  die  orientation  of 
individual  molecules  in  pure  water  is  complicated,  nevertheless,  the  numbers  of  molecules  oriented  widi  the  field 
and  against  it  are  the  same  on  tlie  average.  In  diis  sense,  dicrc  is  no  difference  between  layer  B  and  layer  C. 

It  seems  to  us  diat  the  remote  effects  of  disorder  of  tlie  structure  of  water  in  layer  B,  manifested  on  a  background 
of  the  strong  binding  effect  of  the  ionic  electrostatic  field  on  tlie  dipolar  water  molecules,  also  are  electrostatic 
in  nature  and  cannot  be  explained  by  the  disorganizing  action  of  water  molecules  in  layer  C.  A  new  explanation 
of  the  observed  phenomena,  based  on  concepts  of  special  properties  of  the  hydrogen  bond  (Section  2)  manifested 
in  the  iconic  electrostatic  field,  is  proposed  in  the  present  article. 

Orientation  of  Water  Molecules  in  tlie  Ionic  Electrostatic  Field.  It  is  well  known  that  the  electrostatic 
interaction  energy  of  two  charge  systems  can  be  resolved  into  a  series  in  multipole  moments  [43j.  Confining 
ourselves  to  the  first  two  terms  of  the  expansion,  we  write,  following  Buckingham  [44j,  tlie  equation  for  the 
energy  of  electrostatic  interaction  of  an  ion  with  a  water  molecule  thus: 
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Mere  r  is  the  distance  from  the  center  of  the  ion,  Ze  is  its  charge,  M  the  dielectric  constant,  and  pgff  the 
effective  dipole  moment  of  the  water  molecule;  0^  and  Of,  are  expressed  tlirough  the  diagonal  components 
of  the  tensor  of  the  quadrupole  moment;*  </>y,  angles  formed  by  tlie  principal  axes  of  the 

molecule  and  the  direction  of  tlie  ionic  electrostatic  field.  The  omitted  terms,  as  well  as  interactions  of  a 
noiiclectrostatic  nature,  dimmish  with  distance  as  1/r^  or  even  faster. 

The  drastic  rearrangement  of  the  electronic  structure  in  the  water  molecule  on  formation  of  a  hydrogen 
bond  d«H:s  not  mean  that  molecules  lose  their  individuality  in  the  ice  lattice.  This  is  confirmed  by  Pauling’s 
well-known  calculation  I20j  of  tlie  residual  entropy  of  ice,  since  the  hypothesis  of  tlie  equal  probability  of  two 
possible  positions  of  the  proton  on  the  oxygen  —  oxygen  line  is  consistent  with  the  results  of  neutron- diffraction 
investigations  [45j.  On  the  other  hand,  the  electrical  characteristics  of  the  molecule  may  change  considerably 

It  is  necessary  to  distinguish  the  inherent  fig  from  the  effective  dipole  moment  of  die  water  molecule. 
The  first  depends  on  the  electron  density  distribution  within  the  molecule,  and  in  liquid  water  may  differ  from 
tlie  value  1.87  D,  corresponding  to  a  free  water  molecule  in  the  vapor.  Tlie  effective  dipole  moment  deter¬ 
mines  tlie  behavior  of  the  molecule  in  an  external  electric  field.  Its  value  depends  on  the  electron  density 
distribution  in  the  hydrogen  bridge.  If  the  formation  of  the  hydrogen  bond  is  equivalent  to  the  appearance  of 
a  dipole  with  moment  jijj,  tlien 
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where  £  is  the  number  of  hydrogen  bonds  formed  by  the  molecule.  It  is  easy  to  see  that  p^ff  <  fig  regardless 
of  tlie  mutual  orientations  of  the  neighboring  molecules. 

The  formation  of  a  network  of  hydrogen  bonds  also  changes  tlie  quadrupole  moment  of  the  individual 
molecules.  Unfortunately,  there  are  no  experimental  data  on  the  quadrupole  moment  of  the  water  molecule. 
Not  having  independent  estimates,  we  shall  therefore  adhere  to  Bjerrum's  symmetrical  tetrahedral  model  [8J. 

In  tills  case,  0^,  =  0,  and  the  only  nonzero  component  of  the  quadrupole  moment  0  =0^  =  —  Oj,  is  unam¬ 
biguously  determined  by  the  value  of  tlie  charge  ±  ql,  concentrated  on  each  corner  of  tlie  tetrahedron,  if 
0  =6.28-  10"*  q.  It  should  be  noted  tliat  it  is  unnecessary  to  fix  the  value  of  q  exactly,  since  the  combination 


*  ®b  "®zz  ~  ®yy  characterizes  the  division  of  charges  in  the  plane  of  the  nuclear  triangle,  whereas  0^  = 
=  0zz  ~  ®xx  characterizes  tliat  in  the  perpendicular  plane  containing  the  centers  of  the  electron  clouds 
corresponding  to  unshared  electron  pairs  of  tlie  oxygen  atom.  The  sum  Op  =0a+^b  measure  of  the 
electrical  asymmetry  of  the  molecule:  die  more  symmetrical  the  charge  distribution  is,  the  less  is  0  p. 
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q/M  figures  in  all  equations.  It  is  customary  to  assume  tliat  tlie  dielectric  constant  near  the  ion  is  different 
from  the  macrodielectric  constant.  Recently  Rudakov  [46]  demonstrated  that  this  is  a  general  propeny  of 
associated  liquids.  Tliere  is  no  established  point  of  view  witli  respect  to  the  value  of  the  microdielectric  con¬ 
stant  of  water.  Sometimes  M  is  regarded  as  a  function  of  the  distance  from  the  ion  [47],  It  is  more  convenient 
to  use  the  average  constant  value  of  M.  Samoilovich  and  Goryunov  [48]  arbitrarily  set  M  =  20.  Pasynskii  [49] 
showed  that  the  Debye  equation  for  the  compressibility  of  salt  solutions  agrees  witlt  experiment  if  M  is  set  at 
about  10.  In  die  main  calculations,  we  used  q/M  =  0.017  ,  which  corresponds  to  M  =  10  and  q  =  0.17. 

In  order  to  simplify  the  analysis,  we  shall  assume  that  the  water  molecule  takes  up  several  discrete 
orientations  in  space  with  respect  to  die  ion.  Four  pairs  of  configurations  having  die  same  energy  may  be 
distinguished.  They  are  shown  in  Fig.  3.  Configurations  1  and  3  are  characterized  by  die  fact  diat  the  dipole 
moment  of  the  molecule  is  directed  with  die  ionic  field  or  against  it.  If  the  positive  ion  is  located  on  die  left 
in  Fig.  3,  the  energy  of  interaction  widi  an  ion  in  diese  configurations,  according  to  (3.1),  is  found  to  be 


/.(I)  _  _  i.ci) 

lu;  *  “  ^ 'iw  — 


M  r- 


In  configurations  2  and  4  die  dipole  moment  is  directed  perpendicular  to  the  field  and  does  not  contribute  to 
die  interaction  energy.  In  these  positions  the  energy  of  interaction  of  the  water  molecule  with  the  ion  is  wholly 
determined  by  die  quadrupole  moment.  With  the  preceding  condition  (positive  ion  on  the  left  in  Fig.  3)  we 
obtain 
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Ilie  question  as  to  die  degree  to  which  any  given  configuration  is  represented  at  a  definite  distance  from 
die  ion  at  a  fixed  tcin|x;rature,  is  of  die  greatest  interest.  In  die  first  approximation  it  may  be  assumed  that  die 
statistical  weights  Xj  (i  =  1,  2,  3,  4)  of  the  different  configurations  are  determined  by  the  corresponding  Boltzmann 
factors 


(3.3) 


where  ox  pi  so  that  as  a  whole,  ^  ,  I.  In  diese  equations,  the  anions  and  cations 


are  fully  equivalent,  tin  the  other  hand,  it  is  generally  known  that  anions  and  cations  of  the  same  radius  inter¬ 
act  differently  with  water  molecules.  The  heat  of  hydration  of  F'  is  greater  than  diat  of  K'*’  (the  radius  of  both 
ions  is  1.33  A)  by  35-43  kcal/mole  [26].  Buckingham  [44],  who  ascribed  die  difference  to  electrical  asymmetry 


Fig.  3.  Fig.  4. 
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of  the  water  molecule,  found  6q  =  3.9*  10"®.  This  value  is  much  greater  titan  the  result  of  quantum- 
mechanical  calculation  [50j:  Oq  =  0.43*  10" ®.  On  the  other  hand,  Waldron  [51]  and  Syrnlkov  [52],  wlio 
analyzed  the  Infrared  absorption  spectra  of  ionic  solutions,  suggested  tltat  rite  interaction  of  tlie  anion  with  the 
nearest  water  molecules,  in  contrast  to  die  cation,  approximates  in  character  to  hydrogen  bonds  in  pure  water. 
This  explanation  Is  compatible  with  the  symmetrical  model  of  the  water  molecule  in  the  condensed  phase, 
adopted  in  the  present  article,  where  0^^  =  0. 

Direct  calculations  by  Eq.  (3.3)  are  as  yet  impossible,  since  the  relation  between  the  number  of  hydrogen 
bonds  formed  by  tlie  molecule  in  water  and  tlie  distance  to  the  ion  is  unknown.  A  rough  estimate  at  t  =  0  shows 
that,  as  should  have  been  expected,  configuration  1  is  practically  die  only  one  found  near  die  ion,  and  that  the 
proportion  of  configurations  4  and  2  sharply  increases  even  within  die  limits  of  the  first  hydration  layer* 

1  ~  3  almost  reaches  the  limiting  maximum  value  X4  >  X2  »  ^4  in  the  second  hydration  layer. 

At  t  ^  0  diis  increase  becomes  even  more  pronounced. 

Inliercnt  Disorder  of  Water  Near  Ions.  The  iiilierent  disorder  of  water,  determined  by  the  stability  of  the 
hydrogen  bond  c,  is  superimposed  on  the  forced  orientation  of  water  molecules  near  die  ion.  Near  the  ion, 
however,  the  hydrogen  bond  assumes  the  new,  quite  unexpected  role  of  structure  disrupter. 

For  concreteness,  we  shall  consider  a  positively  charged  ion  and  two  neighboring  molecules  of  the  first 
and  second  layers  of  its  hydration  shell.  If  both  molecules  occur  in  configuration  1,  which  predominates  at 
short  distances  from  die  ion,  a  hydrogen  bond  is  formed  between  diem  (Fig.  4a).  In  diis  case,  the  positive  end 
of  the  hydrogen  dipole  (Section  2)  is  located  closer  to  the  ion  dian  the  negative  end.  This  leads  to  a  certain 
increase  in  die  energy  of  die  system.  But  in  a  state  of  thermodynamic  equilibrium  the  free  energy  is  minimal. 
Hence,  under  certain  conditions  a  disposition  in  which  a  molecule  of  the  first  layer  occurs  in  configuration  1 
and  a  molecule  of  the  second  layer  goes  over  to  configuration  4  (Fig.  4b)  may  prove  more  favorable.  In  this 
case,  the  probability  of  formation  of  a  hydrogen  bond  between  die  two  molecules  is  decreased,  since  a  H— H 
neighborliood  becomes  possible. 

On  considering  die  order  of  the  structure  of  pure  water  in  Section  1,  we  chose  as  the  criterion  of  structural 
disorganization  the  quantity  x^jj  —  the  proportion  of  types  of  H  —  H  neighborhoods  or,  what  is  the  same,  the 
proportion  of  broken  hydrogen  bonds.  Thus,  when  conditions  arise  where  it  is  more  favorable  for  a  molecule 
of  the  second  or,  in  general,  any  higher  layer  to  pass  over  from  configuration  1  to  configuration  4  or  2,  the  in¬ 
herent  disorganization  of  water  increases.  Clearly  the  necessary  conditions  arise  at  rather  short  distances  from 
the  ion,  where  die  number  of  configurations  1  is  still  large  —  odierwise,  "unfavorable*  hydrogen  bonds  simply 
would  not  exist  —  but  where  the  number  of  configurations  4  and  2  is  already  considerable,  i.e.,  in  the  second- 
third  layer  of  water  molecules  around  die  ion. 

The  quantitative  consideration  of  the  question  may  be  simplified  by  assuming  diat  processes  of  forced 
orientation  in  the  ionic  electrostatic  field  and  the  inherent  order  of  water  are  statistically  independent.  Then 
the  proportion  of  broken  hydrogen  bonds  xj./h  ^  ^  expressed  as  the  product  T-^jni of  the  pro¬ 

portion  ofH— H  pairs  xj^fj  ,  appearing  under  conditions  of  forced  orientation,  and  the  proportion  of  broken 
hydrogen  bonds  arising  on  account  of  die  inherent  order  of  the  water  near  the  ion  in  the  absence  of 

electrostatic  interaction  of  die  ion  with  water  molecules.  The  normalizing  constant  y  is  so  chosen  that  as 
r*->co  ^nii*  The  quantity  is  the  proportion  of  broken  hydrogen  bonds  in  pure  water.  At 

20  ~ 

The  quantity  xj|jj  may  be  connected  with  the  concentrations  of  different  configurations  in  the  following 
manner: 


Ill! 


-9  {Xir-i  ocixa  j-i.r.,  X.X3  -1-  -|  .r.n  -1-  J'!;  1- 


(3.4) 


*  Here  and  everywhere  below,  the  radius  of  the  water  molecule  r^  =  1.38  A  is  adopted  as  the  unit  of  length 
(r*  =r/r^). 
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Each  term  in  this  expression  is  the  contribution  to  the  probability  of  appearance  of  a  H  —  H  neighborhood  from  a 
pair  of  corresponding  configurations. 

The  question  of  tlie  inherent  order  of  water  near  the  ion  is  solved  by  the  same  methods  which  were  de¬ 
veloped  in  Section  1.  Here,  we  can  apply  Eq.  (1.2)  directly,  replacing  c  by 


F 


(3.5) 


Here  <p  is  the  angle  between  the  direction  of  the  ionic  field  and  the  hydrogen  dipole.  Obviously 

<cos(p>  =-  cos  54° (.r,  —  r,).  (3.6) 


On  taking  into  account  the  fact  that  the  effective  dipole  moment  of  the  water  molecule  according  to 
(3.2)  depends  on  ,  we  come  to  a  complex  system  of  nonlinear  equations  for  x^,  X|,  X3,  X4,  and  x^  .  The 
exact  solution  of  this  system  by  the  method  of  successive  approximations  requires  very  cumbersome  calculations 
and  is  scarcely  expedient  in  view  of  the  roughness  of  the  theory  as  a  whole.  We  proceeded  in  the  following 
manner.  The  x^  values  in  the  zeroth  approximation  were  calculated  with  peff  =  ho*  These  values  were  sub¬ 
stituted  in  (3.5),  and  the  radial  dependence  of  x^jj  was  calculated  by  Eq.  (1.2).  With  the  aid  of  Xf|[^  a  new 
value  of  Pgff  was  calculated  by  Eq.  (3.2),  where  we  put  t  =  2x^  .  The  total  number  of  bonds  formed  by  the 
molecule  is  equal  to  4xq^  .  The  factor  V2  is  introduced  to  allow  for  the  fact  that  disordering  hydrogen  di¬ 
poles  are  absent  between  the  ion  and  the  nearest  water  molecules.  If  fi^ff  is  known,  the  next  approximation 
for  Xj  may  be  derived  and  xj^Jj  calculated  by  Eq,  (3,4).  In  Fig.  5  is  shown  the  radial  functionality  xjfjH  = 
''jni  'nil  for  q/M  =  0.017  and  three  values  of  /th*  The  curve  for  q/M  =  0.020  and  /iH=0.83Dis 
shown  tor  comparison.  All  calculations  were  performed  for  singly  charged  ions.  It  is  easily  seen  that  the  re¬ 
sulting  picture  corresponds  closely  to  the  ideas  of  Frank,  Evans,  and  Wen.  At  short  distances  from  the  center  of 
the  ion  strong  binding  of  water  molecules  occurs  (layer  A).  As  the  distance  increases,  the  proportion  of  broken 
bonds  sharply  increases,  becoming  greater  than  the  value  corresponding  to  the  degree  of  disorganization  of  pure 
water,  and  readies  a  maximum  in  tlie  first- second  layer  of  water  molecules  (layer  B).  At  greater  distances 
xj.|jj  falls  relatively  slowly,  approaching  the  value  0.206  (layer  C).  The  value  of  the  maximum  sharply  rises 
on  increase  of  the  inherent  dipole  moment  of  the  hydrogen  bond.  At  low  values  of  disordering  of  the  water 
structure  does  not  occur:  ’‘HH  rises  steadily,  approaching  the  value  0.206.  The  curve  for  =  0.56  D  behaves 
in  this  way.  As  q/M  increases,  the  maximum  value  of  decreases. 


/;/ 


Fig.  6.  Disorder  of  tlie  structure  of  water 
near  an  ion  at  20°:  l)  q/ M=  0.017,  pjj 
1.12*  10'^®;  2)  q/M=  0.017,  Pn  = 

3)  q/M=  0.017,  MH  = 


=  0.83 
=  0.56 
=  0.83 
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10 

10 
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4)  q/M  =  0.020,  pu  = 


kcal/mole 


Fig.  6.  Change  in  energy  barriers 
separating  equilibrium  positions  of  HjO 
molecules  in  an  ionic  solution  in  com¬ 
parison  with  pure  HjO  at  20  “:  o)Samoilov 
[7J;  X  )  Vdovenko  and  Shcherbakov  [53]. 
The  theoretical  curves  were  calculated  for 
the  parameters:  l)  q/M  =  0.017,  fijj  = 

=  1.12*  10’^®;  2)  q/M  =  0.017,  PH  =0.83- 
•  10-“;  3)  q/M  =  0.017,  Pn  = 

4)  q/M  =  0.020,  fi  h  =  0*83  •  10'“. 
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It  is  interesting  to  follow  the  change  in  the  degree  of  order  of  water  in  the  first  hydration  layer  with 
respect  to  the  ionic  radius.  The  hydration  energy  is  usually  used  as  a  measure  of  the  binding  action  of  the  ion. 
However,  Samoilov  [7]  noted  that  the  hydration  energy  is  a  summary  effect,  whereas  the  character  of  tlie  motion 
of  water  molecules  in  the  first  hydration  layer  is  actually  determined  by  small  changes  in  tlie  interaction  energy 
on  displacement  of  the  molecules  through  relatively  short  distances.  Samoilov  suggested  that  the  state  of  water 
molecules  in  ionic  solution  be  described  by  changes  in  the  energy  barrier  AE  separating  the  instantaneous 
equilibrium  positions  in  pure  water  and  near  the  ion.  Within  the  scope  of  the  concepts  developed  in  the  present 
article,  AE  may  be  identified  *  with  the  change  in  the  bond  energy  of  a  water  molecule  in  the  first  hydration 
layer  of  the  ion,  and  may  be  quantitatively  evaluated  as  follows: 

\E  =  e(3HlI  — ^im)|r=ri  » 

where  rj  is  the  ionic  radius.  Figure  6  shows  the  relation  between  AE  and  the  ionic  radius  for  various  choices  of 
and  q/M.  In  the  same  figure  are  shown  values  found  by  Samoilov  [7J  from  data  for  coefficients  of  self¬ 
diffusion  and  mobility  of  ions,  as  well  as  values  calculated  from  the  data  of  Vdovenko  and  Shcherbakov  [53j, 
who  measured  directly,  by  the  method  of  nuclear  magnetic  resonance,  the  ratio  Ti/  r  **  of  residence  times 
of  the  molecules  in  relative  equilibrium  positions  near  the  ion  and  in  pure  water. 

If  /iji  is  large  enough,  AE  goes  over  from  positive  to  negative  values  at  some  value  of  r  j.  In  the  case 
AE  <  0,  water  molecules  in  the  layer  next  to  the  ion  are  less  strongly  attached  to  neighboring  molecules  than 
in  pure  water.  Samoilov  suggested  that  this  phenomenon  be  called  negative  hydration.  Witli  the  best  choice 
of  q/M  =  0.017,  better  agreement  with  Samoilov’s,  as  well  as  Vdovenko  and  Shcherbakov’s,  data  is  obtained 
if  pjj  =  0.83  D.  In  particular,  the  radius  determining  the  boundary  between  positively  and  negatively  hydrated 
ions  is  equal  to  1.09  A.  Samoilov  gives  1.11  A  [7]. 

In  earlier  works  [54,  55,  48J,  where  water  was  regarded  as  a  mixture  of  polymers  (H20)n,  it  was  con¬ 
sidered  obvious  that  the  dipole  moment  of  the  component  water  molecules  in  the  polymeric  formations  was 
diminished.  Recently,  Mikhailov  and  Syrnikov  [13j  analyzed  the  temperature  dependence  of  the  density  of 
salt  solutions  and  showed  in  a  different  way  that  the  effective  dipole  moment  of  the  molecule  in  the  close- 
packed  structure  is  greater  than  in  the  ice  lattice.  If  half  the  bonds  are  retained  in  the  close- packed  structure, 
Eq.  (3.2)  gives  for  the  difference  between  effective  dipole  moments  in  the  two  structures  Apgff  =  cos  54*. 
If  pjj  =  0.83  D,  A  Meff  ~  value  is  in  good  agreement  with  the  value  A  Peff  =  found  by 

Mikhailov  and  Syrnikov.  The  inherent  dipole  moment  of  the  hydrogen  bond  may  be  evaluated  exactly  for  the 
Bjermm  model  of  the  water  molecule  in  ice:  =  qe  •  0.78  A  =  0.64  D.  In  the  liquid,  this  value  should  be  in¬ 

creased  to  0.79  D,  since  the  oxygen  —  oxygen  distance  at  20*  is  increased  to  about  2.95  A.  The  values  found 
above  agree  satisfactorily  witli  this  estimate.  The  value  =  0.5  D  also  is  in  good  agreement  with  it  (if 
20.6  %  of  the  bonds  are  broken  at  20*,  this  value  corresponds  to  PH  =  0.75  D);  Evjen  and  Zwicky  [55j  using 


•  The  departureof  a  water  molecule  from  the  hydration  shell  of  the  ion  takes  place  in  two  stages.  First  the  water 
molecule  passes  from  a  lattice  node  to  a  void  in  the  structure,  next  to  the  ion;  this  process  requires  the 
activation  energy  E^^^  ,  necessary  for  the  breaking  of  two  bonds  with  the  external  environment  of  the  hydrated 
ion.  Then  the  water  molecule  jumps  from  the  void  next  to  the  ion  into  a  lattice  node  in  the  second  layer  of 
water  molecules  near  the  ion;  the  activation  energy  in  this  case  is  equal  to  the  change  Ah  in  the  electrostatic 
energy  of  interaction  of  ion  and  water  molecule  on  displacement  through  a  distance  Ar  =  0.8  A  [7],  Obviously, 
Ah  <  h  <  Ze  /M  (0.68  +  1.38)*  n  3  kcal/mole.  On  the  other  hand,  even  if  50%  of  the  bonds  are  broken  in 

the  hydration  layer,  E^^  is  about  4  kcal/mole.  Thus  Ah  <  E^y^  always.  Hence  tlie  lifetime  of  the  mole¬ 
cule  in  the  hydration  shell  of  the  ion,  which  is  determined  by  the  first,  slowest  process,  depends  only  on  the 
height  of  the  energy  barrier  E  . 

•*  Strictly  speaking,  the  "lifetime  of  the  bond"  between  water  molecules  of  tlie  ion  hydration  shell  and  the 
external  environment  was  measured  in  these  experiments.  The  good  agreement  of  Vdovenko  and  Shcherbakov’s 
results  with  Samoilov’s  confirms  the  conclusion  reached  above,  that  the  lifetime  of  a  water  molecule  in  tlie  ion 
hydration  shell  is  determined  by  the  lifetime  of  the  bond  between  two  neighboring  water  molecules  near  the 
ion. 
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tills  value  were  able  to  explain  quantitatively  the  concentration  dependence  of  the  coefficient  of  thermal  ex¬ 
pansion  of  salt  solutions. 


4.  Structure  of  Ionic  Solutions  and  Salting-Out  Coefficients 

In  die  preceding  section  it  was  shown  diat  every  ion,  including  such  strongly  hydrated  ions  as  Li"*^,  is 
surrounded  by  a  radier  extensive  region  where  the  water  structure  is  disordered  much  more  than  in  pure  water, 
which  is  not  subject  to  the  action  of  ionic  electrostatic  fields.  Disruption  of  the  structure  is  accompanied  by 
a  decrease  in  die  energy  of  die  bond  between  die  water  molecule  and  die  environment.  Hence,  the  replace¬ 
ment  of  a  water  molecule  by  a  nonelectrolyte  molecule  in  ionic  solution  requires  a  smaller  expenditure  of 
energy.  Clearly,  this  influence  is  opposite  in  character  to  the  constrictive  action  of  die  ionic  electrostatic 
field  and  must  decrease  salting- out  coefficients  calculated  widiout  allowing  for  structural  changes  in  die  solution. 

In  die  present  article  a  very  simple  case  is  considered,  in  which  the  nonelectrolyte  molecule  is  nonpolar, 
so  that  its  effect  on  the  water  structure  may  be  neglected.  The  activity  coefficient  of  a  nonelectrolyte  in  a 
salt  solution  is  determined  by  the  difference  between  die  average  potential  energies  of  the  nonelectrolyte 
molecules  in  die  salt  solution  and  pure  water,  RT  In  F  =  AE.  If  the  change  in  interaction  energy  of  nonelectrolyte 
and  water  molecules  is  negligible,  AE  is  determined  only  by  the  change  in  the  degree  of  bonding  of  water  mole¬ 
cules  in  the  salt  solution. 

When  an  ion  is  introduced  in  the  solution,  effects  of  two  types  are  possible:  l)  ordering  and  disruption 
of  die  structure:  2)  change  in  the  cell  potential  acting  on  the  water  molecule,  leading  to  a  decrease  in  the 
free  volume;  the  latter  is  equivalent  to  an  increase  of  internal  pressure  and  is  expressed  in  the  contraction 
observed  when  salts  dissolve  in  water.  In  the  first  approximation,  if  volume  effects  on  solution  of  ions  in  water 
are  small,  AE  consists  of  the  change  .\(6E/fA’)r,i  and  die  changes  AE*,  which  are  connected  with  the  first  of 
the  effects  noted  above: 


.\/v  -!-  aT, 


(4.1) 


where  v^j  is  die  partial  molar  volume  of  the  nonelectrolyte  at  infinite  dilution. 

When  the  solution  is  sufficiently  dilute  with  respect  to  die  salt,  AE*  is  equal  to  the  sum  of  the  individual 
contributions  from  each  of  die  types  of  ions  present  in  the  solution:  A/'.'  At  low  salt  concentrations 

the  spheres  of  influence  of  die  individual  ions  do  not  overlap.  In  diis  case  * 


V; 


M-i  =  2  .  A//,. 


(4.2) 


Here  is  the  number  of  gram- ions  of  Type^  and  is  the  number  of  moles  of  water  per  liter  of  solution. 
AU^  is  die  average  change  in  the  potential  energy  of  water  surrounding  one  ion  of  Type  i  : 


Hri 


111! 


(4.3) 


(vy^  is  the  molar  volume  of  water). 

The  first  component  in  (4.1),  connected  with  die  manifestation  of  internal  pressure,  was  discussed  rigorously 
and  in  detail  by  McDevitt  and  Long  [3j.  The  total  salting- out  coefficient  is  the  sum  of  the  quantity  K®  ,  cal¬ 
culated  by  McDevitt  and  Long,  and  a  structural  correction  for  salting- in,  AKg : 

A,  =  AA',, 


*  The  factor  2  takes  into  account  the  fact  that  when  a  water  molecule  in  the  quasicrystal  lattice  is  replaced  by 
a  nonelectrolyte  molecule,  the  maximum  number  of  bonds  broken  is  not  two  but  four. 
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where,  according  to  (4.2)  and  (4.3), 


\h\ 


t.-rr  ‘  .V,, 


2,oU2/^7’-r)r),.') 


(4.4) 


(Nq  is  Avogadro’s  number).  In  order  to  calculate  the  integral  in  (4.4)  witli  greater  accuracy,  it  is  convenient 
to  expand  in  powers  of  since  the  energy  of  hydrogen  dipoles  at  great  distances  from  the  ion  is  small 
in  comparison  with  (RTq  -  c)/2  =  1.35RT  kcal/mole.  Confining  ourselves  to  the  first  term  of  tlie  expansion, 
we  obtain 


*  where 

i 


.  o.KUi  V,  r2Zqi,jCos54°  ,  ,  ,(,,j 


J  irj 


exj 


I  f'",- 


(4.6) 


and 


il'(./  )  ^  ('.\pT/(l  -f-  o.xpj:)-. 

AKj;  was  calculated  by  Eq.  (4.5)  using  tlie  previous  choice  of  constants,  q/M  =  0.017,  M  =  10  for  singly 
charged  ions  at  20“.  It  must  be  noted  that  the  integrals  1^^  ^  and  ^  are  practically  independent  of  tlie 
nature  of  the  ions,  since  ionic  radii  lie  in  a  relatively  narrow  range,  and  the  main  contribution  to  and 
'  comes  from  die  diffuse  region  beyond  die  disorder  maximum  in  the  curves  (r*  ).  Integrals  and 

1^^^  were  evaluated  numerically  at  nine  points  for  a  fixed  value 
of  r^*  =  1.0.  The  maximum  error  for  Li"*"  (r*  =  0.56)  does  not 
exceed  10%.  Results  are  given  in  Table  5. 

In  Table  6  are  given  die  total  coefficients  of  salting- out 
of  benzene  by  certain  salts  at  20  “  with  corrections  for  structural 
salting- in  at  PH  =  0-83  D.  McDevitt  and  Long's  results  [3j  are 
more  dian  twice  the  experimental  values.  Our  values  agree 
satisfactorily  with  experiment. 

NII4CI  is  somewhat  peculiar.  Theory  predicts  salting- in 
for  this  salt,  whereas  just  die  opposite  occurs  in  fact.  Apparently, 
die  discrepancy  in  the  case  of  NH4CI  can  be  explained  by  the  participation  of  protons  of  die  ammonium  ion  in 
the  formation  of  hydrogen  bonds  with  neighboring  water  molecules  and  the  strong  additional  ordering  effect  of 
NH4  on  water. 

It  is  interesting  that  the  salting- out  coefficients  obtained  by  McDevitt  and  Long  [56J  for  O2  and  H2  are 
in  excellent  agreement  with  experiment  widiout  introducing  corrections  for  structural  salting-in.  This  difference 
may  be  explained  by  the  fact  that  die  mechanism  of  solution  of  gases  in  water  is  very  different  from  the 
mechanism  of  solution  of  benzene.  Above,  we  assumed  diat  benzene  molecules  displace  water  molecules. 

Eley  [57J  studied  the  solubility  of  inert  gases  in  water  and  found  that  die  solution  process  in  this  case  is  related 
not  to  the  displacement  of  water  molecules  but  to  die  entry  of  gas  molecules  into  voids  of  die  structure. 

Clearly  die  change  in  die  degree  of  bonding  of  water  molecules  in  nodes  of  tlie  quasicrystal  lattice  does  not 
noticeably  affect  the  latter  process. 
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TABLE  6 


Salt 

1 

1 

Ks, 

calc. 

Ks. 

expt. 

Salt 

a;  131 

Ks. 

calc. 

Ks. 

expt. 

NaC! 

0,i2 

0,245 

0,195 

Kc:i 

0,.34 

0,165 

0,166 

Nallr 

0,35 

0,175 

0, 1.55 

HbCl 

0,31 

0,135 

0,14 

Nal 

0,27 

0,095 

0,095 

Cs('l 

0,20 

0,085 

0,088 

NaNOs 

0,3t 

0,1.35 

0,119 

.MIiC.l 

0,15 

—0,025 

0,103 

LiCl 

0,31 

0,135 

0,1-41 
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Solubility  in  the  systems  NH4NO9-NH4I  — HjO  and  KNO3- KI-HjO, which  were  studied 
at  25*,  is  explained  with  the  aid  of  the  crystallochemical  characteristics  of  salts  and  concepts 
of  the  structure  of  aqueous  electrolyte  solutions.  A  special  quantity  —  the  displacement  co¬ 
efficient  -  is  introduced  for  quantitative  characterization  of  the  joint  solubility  of  salts  in  ter¬ 
nary  solutions. 

Structural  consideration  of  experimental  data  on  the  indicated  systems  leads  to  the  con¬ 
clusion  that  tJie  solubility  of  the  component  salts  in  binary  and  ternary  solutions  is  determined  to 
a  certain  extent  by  the  relative  stability  of  ionic  close  order  which  determines  the  crystallization 
of  salts  from  saturated  solutions;  the  more  stable  this  order  is,  the  less  soluble  is  die  salt. 

The  change  of  individual  solubilities  of  salts  in  ternary  solutions  of  both  systems  is 
characterized  by  linear  dependence  of  the  molar  quantities  of  the  salted-out  salt  on  the  molar 
quantities  of  die  dissolved,  unsaturated  salt  and  by  approximately  constant  displacement  co¬ 
efficients,  which,  in  general,  indicates  that  the  joint  solubility  is  determined  by  the  structural 
state  of  the  saturated  solutions. 

In  our  works  [l-4j  die  solubilities  of  certain  salts  in  water  were  explained  with  the  aid  of  the  crystallo¬ 
chemical  characteristics  of  ions  and  salts,  die  Bernal-Fowler  [5j  model  of  liquid  water,  and  Kapustinskii  and 
Samoilov's  ideas  on  the  structure  of  aqueous  electrolyte  solutions  and  the  hydration  of  ions  [6,  7J. 

Obviously,  the  influence  of  the  structures  of  crystals  and  liquid  solutions  on  the  solubility  of  salts  in  water 
may  be  followed  most  distinctly  in  those  systems,  die  readily  soluble  salts  of  which  contain  ions  having  negative 
hydration  [7j  and  relatively  weak  interaction  with  water  molecules.  In  die  present  article  certain  over- all 
premises  of  our  comparison  of  the  solubilities  of  uni-univalent  salts  having  large  ions,  with  the  structures  of  the 
solid  salts  and  dieir  aqueous  solutions,  are  generalized,  and  solubility  in  the  systems  NH^NOj  — NH4I  —  HjO  and 
KNO3  — KI  — H2O  is  considered.  Our  comparative  evaluation  of  the  solubilities  of  readily  soluble  uni- univalent 
salts  widi  large  ions,  containing  potassium  and  ammonium  cations,  on  a  structural  basis  [3J  is  continued  by  the 
study  of  the  systems  named. 

Our  investigation  is  based  to  a  certain  extent  on  the  interpretation  of  joint  solubility  in  ternary  water- salt 
systems,  with  allowance  for  die  fact  that  die  attainment  of  equilibrium  in  them  involves  the  partial  displacement 
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of  some  ions  by  others  in  the  structure  of  a  saturated  solution  of  the  given  salt.  This  displacement,  which 
determines  the  change  in  the  individual  solubilities  of  salts  in  ternary  solutions,  takes  place  In  a  mobile  but 
relatively  ordered  liquid  system  and  hence  has  a  definite  relation  to  the  structure  of  the  original  saturated 
solution  and  the  structural  characteristics  of  the  ions  and  salts. 

On  ordered  displacement  of  the  given  salt  in  its  saturated  solution  by  another  salt  one  may  expect  the 
molar  quantity  of  the  salted- out  salt  to  be  a  linear  function  of  that  of  the  dissolved  salt,  the  ratio  of  the  salts 
being  approximately  constant;  i.e.,  the  same  regularity  should  obtain  as  in  the  formation  of  substitutional  solid 
solutions  by  two  isomorphous  salts.  The  displacement  of  the  saturating  salt  in  the  ternary  solution  by  the  dissolving 
salt  may  be  characterized  [2J  by  the  displacement  coefficient 

A'  =-  (r„  —  x)  /  y, 

where  Xj  is  tlie  number  of  moles  of  a  given  salt  in  a  saturated  binary  solution,  x  is  the  number  of  moles  of 
the  same  salt  in  a  saturated  ternary  solution,  and^  is  the  number  of  moles  of  the  salt  not  saturating  the  ternary 
solution. 

In  evaluating  the  stmctural  heterogeneity  [7,  8,  9J  of  a  saturated  solution  of  an  anhydrous,  readily  soluble 
salt  we  proceed  from  the  idea  tliat  in  such  a  solution  effective  (i.e.,  capable  of  crystallization)  close  order  of 
ions  and  close  order  formed  from  ions  and  water  molecules  [2J  are  simultaneously  present,  and  tliey  interchange. 
Apparently,  it  may  be  assumed  that  structural  ion  groups  which  determine  crystallization  and  are  the  effective 
part  of  the  structure  of  the  saturated  anhydrous- salt  solution  correspond  as  nearly  as  possible  to  the  ionic  close 
order  proper  to  the  salt  structure.  Ions  hydrated  to  a  varying  degree,  and  close  order  consisting  of  ions  and  water 
molecules  jointly  coordinated  around  the  ion,  may  be  referred  to  structural  groups  of  the  second  type. 

The  solubility  of  salts  is  determined  more  or  less  by  the  change  in  the  structural  state  of  the  solution  on 
change  of  its  concentration.  Structural  changes  in  aqueous  electrolyte  solutions  are  considered  on  the  basis  of 
ideas  on  tlie  dynamic  equilibrium  change  of  ion  hydration  on  diluting  die  solution  [7,  10].  The  principle  of  this 
approach  may  be  extended  also  to  characterizing  interchanges  of  the  predominant  forms  of  close  order  of  parti¬ 
cles  in  anhydrous- salt  solutions  on  change  of  concentration. 

In  a  dilute  anhydrous- salt  solution,  as  in  the  case  of  a  hydrated  salt,  a  tetrahedral  water  structure  is 
maintained,  in  which  ions  dynamically  displace  water  molecules  in  equilibrium  positions.  In  the  case  of  tetra¬ 
hedral  hydration  there  are  no  bonds  between  ions,  since  every  ion  is  surrounded  by  water  molecules.  The  pre¬ 
dominance  of  the  close  order  of  water  in  the  solution  structure  applies  to  various  salts  in  different  concentration 
regions  at  die  given  temperature.  As  the  concentration  increases,  the  solution  structure  goes  over  to  denser 
packing,  and  other  forms  of  close  order,  whose  rise  is  determined  by  bonds  between  ions  and  dehydration  of  ions, 
become  predominant  in  it.  As  the  solution  concentration  increases,  each  ion  is  surrounded  by  an  ever-increasing 
number  of  oppositely  charged  ions  and  an  ever- decreasing  number  of  water  molecules.  In  a  homogeneous  liquid 
phase  the  dynamic  equilibrium  continually  shifts  toward  the  ionic  close  order  proper  to  the  salt  structure.  In  a 
saturated  solution,  this  order  becomes  effective,  determines  crystallization,  and  coexists  with  the  solid  phase  and 
the  liquid- phase  close  order  consisting  of  ions  and  water  molecules. 

The  attainment  of  equilibrium  concentrations  on  solution  of  uni- univalent  salts  with  large  ions  is  deter¬ 
mined  by  change  in  the  stmctural  state  of  the  solution  to  a  greater  degree  than  on  solution  of  salts  of  other  groups. 
This  follows  if  only  from  the  fact  that  since  water  molecules  do  not  take  part  in  crystallization,  they  have  a 
more  or  less  inhibiting  effect  on  the  formation  of  an  effective  structure  in  the  liquid  phase.  In  tlie  case  of 
solubility  under  consideration,  apparently,  the  concenuations  of  solutions  with  any  given  predominant  form  of 
close  order  are  determined  to  a  considerable  extent  by  the  action  of  ions  on  the  water  structure,  and  water 
molecules  on  the  ionic  close  order. 

The  action  of  large,  singly  charged  ions  on  the  water  structure  may  be  characterized  by  their  negative 
hydration  [7],  to  the  manifestation  of  which  we  also  relate  the  weakening  of  order  in  the  original  tetrahedral 
cell  of  water,  caused  by  the  very  entrance  of  the  ion  into  it.  It  must  be  noted  that  when  the  ions  have  slight 
negative  hydration,  regions  of  displacement  or  intrusion  structures  apparently  may  noticeably  predominate  even 
in  moderately  concentrated  solutions.  A  strong  manifestation  of  negative  hydration  by  tlie  ions  facilitates  the 
attainment  of  that  state  of  solution  stmeture  in  which  crystallization  of  salts  becomes  possible  at  a  relatively 
diminished  ion  concentration. 
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Tlie  transition  of  the  solution  structure  at  tlie  given  temperature  to  denser  packing  changes  the  role  of 
water  as  solvent.  In  the  case  of  tetraliedral  hydration  tlic  solvent  power  (^f  water  is  manifested  mainly  in  the 
weakening  of  interionic  attractive  forces  by  the  aqueous  etivironmetit.  In  cotuetitrated  solutions,  water  mole¬ 
cules  disturb  the  ionic  close  order  and  thus  itthibit  to  some  extent  tite  htrtnation  »'f  the  effective  stnicture. 

Hence  tIte  attainment  of  equilibriiiiti  concentrations  on  solution  of  utti- utnvaleiit  salts  with  large  ions  is  det»  r- 
imned  also  by  the  relative  stability  of  the  strtictural  ion  groups  arisitig  tn  the  solutions,  which  determine 
crystalli/.atioti. 

An  appri'.xitnate  and  purely  qualitative  estiittate  of  the  relative  stability  of  ionic  close  order  in  liquid 
solutions  may  be  given,  based  on  crystallot  hemical  data  on  ions  and  salts. 

Solubility  in  the  System  NH4N()3  -  MII4I  -  H2O 

The  results  of  our  investigation  of  this  system,  which  had  not  been  studied  before,  are  given  in  Table  1 
and  Fig.  1.  In  general,  the  component  salts  have  high,  but  appreciably  different  equilibrium  concentrations: 
the  molality  of  a  saturated  Nll4Nt'3  solution  at  2ri"  is  more  than  twice  that  of  a  saturated  NII4I  solution.  The 
noncomnion  anions  of  the  salts,  which  differ  structurally,  strongly  and  to  about  the  same  degree  disrupt  the 
water  structure  of  the  solution  [11,  12|.  The  ammonium  ion  can  form  hydrogen  bonds  [13],  the  conditions  of 

formation  of  the  hydrogen  bond  Nil  .  .  .  O  being  similar  to 
those  of  the  bond  (XI  .  .  0[l-1j.  Beating  in  iiuiid  certain 

peculiarities  of  the  crystal  struciuies  of  NH4Nl)3  and  NM4I, 

It  is  logical  to  assume  that  the  high  individual  solubilities 
of  the  named  salts  are  directly  eonnected  with  the  relatively 
diminished  stability  of  the  structural  ion  groups  arising  in 
their  solutions,  which  take  part  in  crystallization. 

The  low-temperature  crystalline  modification  of 
NII4NO3  -  IVj,  existing  at  23",  has  the  lowest  symmetry 
(rliombic)  in  comparison  with  other  forms  [13J.  In  a  crystal 
of  this  modification  the  mutual  coordination  and  packing  of 
the  tetrahedral  and  triangular  ions  NH4^  and  NO3',  which 
have  the  coordination  number  eight  relative  to  one  another, 
lead  to  an  unstable  atid  unsymmetrical  configuration  of  the 
coorditiation  sphere.  (Crystals  of  Nil4l  with  ettbic  syngony  at 
23"  have  the  MaCI  structure  Il3j,  in  which  each  ion  is 
octahedral ly  surrounded  by  six  ions  of  opposite  sign.  The  interionic  distance  in  the  NH4I  crystal  is  3.62  A 

U6J. 

From  the  data  given,  it  follows  that  the  ionic  close  orders  proper  to  NH4NO3  and  NH4I  crystals  will  have 
iticreased  sensitivity  iti  liquid  solutiotis  to  thermal  motion  atid  the  actioti  of  water  molecules.  In  connection 
with  this,  the  rise  of  the  effective  structure  on  sohttioti  of  these  salts  is  possible  only  at  relatively  high  concen¬ 
trations  of  the  saturated  solutions.  It  may  also  be  assumed  that  the  i  lose  order  of  NIl4^  and  NO3'  ions  in  the  | 

modifieation  of  Nll4Ntl3  which  we  considered,  as  well  as  all  other  tnodifications  thereof,  is  relatively  less  stable 
than  the  close  order  of  NIl4^  and  I'  ions  in  the  NII4I  structure:  this  is  indicated,  in  particular,  by  the  low- melting 
|ioint  of  ammonium  nitrate  (169.6")  and  the  variety  of  crystalline  modifications  of  this  salt.  The  considerable 
difference  in  the  solubilities  of  NII4NO3  and  NII4I  apparently  is  determined  to  a  substantial  extent  by  the  fact  I 

that  thermal  motion  and  water  molecules  hinder  the  formation  of  the  effective  structure  on  solution  of  NH4NO3  | 

to  a  greater  degree  than  on  solution  of  NII4I. 

The  attainment  of  high  equilibrium  concentrations  on  solution  of  NII4NO3  and  NII4I  also  is  determined  to 
a  certain  extent  by  the  formation  of  hydrogen  bonds  between  ammonium  ions  and  water  molecules  in  solutions 
of  borli  salts.  The  configuration  and  size  of  the  NIl4^  ion  and  its  ability  to  form  hydrogen  bonds  with  water 
molecules  determine  its  greatly  diminished  action  on  the  water  structure  [111.  In  Nfl4N03  and  NII4I  solutions 
the  ion  relatively  stabilizes  the  tetrahedral  structure  of  the  solvent  and  weakens  the  influence  on  solubility  of 
negative  hydration  which  is  pronounced  in  the  case  of  N03"  and  1"  anions.  Hydrogen  bonds  of  the  ammonium 
ion  with  four  water  molecules  or  less  favor  the  predominance  of  joint  order  of  ions  and  water  molecules  in  a 
rather  large  region  of  concentrations  of  NH4N()3  and  NH4I  solutions. 

I 


m  Nii^i 


Fig.  I. 
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Joint  solubility  in  the  system  NH^NOj  -  NH4I  -  H2O  is  cliaracterized  along  both  univariant  curves  and  at 
the  eutonic  point  of  tlie  isotlierm  (Fig.  2)  by  a  linear  relation  between  Xq—  x  (moles  of  salted-out  salt)  and  ^ 
(moles  of  dissolved  salt)  and  by  approximately  constant  displacement  coefficients,  calculated  from  tlic  data  in 
Table  1.  Deviations  from  average  values  of  K  (equal  for  NH4NO3  and  NH4I  to  1.44  and  0.37,  respectively), 
lying  beyond  die  limits  of  analytical  error,  occur  only  in  the  case  of  solutions  in  a  very  short  segment  of  the 
NH4NOj  univariant  curve,  adjacent  to  the  eutonic  point  and  for  the  concentration  of  diis  salt  in  the  eutonic 
solution.  The  manifestation  of  the  noted  accuracy  must  be  regarded  as  proof  that  in  solutions  saturated  with 
respect  to  Nll4NC)3  and  NH4I,  a  structural  order  of  particles  is  present,  which  influences  the  change  of  individual 
solubilities  of  salts  in  ternary  solutions. 

TABLE  1 

System  NH4NO3-NH4I -HjO  at  25” 


No.  of 
point 

Composition  of  solutions 

K 

Como 
resiefu 
wt.  '7o 

of 

e. 

Solid 

phase 

wt.  % 

moles  per  1000  gH20 

NH,I 

NH.NO, 

NH.l 

NH.NO, 

H.O 

Nil,! 

NH.NO, 

sum 

1 

63,86 

36,14 

12,19 

12,19 

NH«1 

2 

58,10 

9,20 

32,70 

12,26 

3,51 

15,77 

0,35 

97,45 

1,28 

The  sa  me 

3 

54,50 

14,20 

31,30 

12,01 

5,67 

17,68 

0,37 

— 

— 

4 

50,70 

20,30 

29,00 

12,06 

8,75 

20,81 

0,36 

95,60 

2,50 

ft  N 

5 

45,25 

27,83 

26,92 

11,60 

12,91 

24,51 

0,37 

95,70 

2,67 

1*  n 

6 

40,65 

34,57 

24,78 

11,32 

17,43 

28,75 

0,37 

95,34 

3,30 

n  If 

7 

36,91 

40,40 

22,69 

11,22 

22,25 

33,47 

0,37 

— 

— 

NH4l+NH«N03 

1,36 

5,95 

90,30 

8 

30,50 

44,30 

25,20 

8,35 

21,95 

30,30 

1.41 

— 

— 

NH«NO, 

9 

25,41 

48,00 

26,59 

6,. 59 

22,52 

29,11 

1,43 

3,70 

95,10 

The  same 

10 

20,76 

51,32 

27,92 

5,13 

22,97 

28,10 

1,46 

2,40 

96,50 

fl  It 

11 

15,50 

55,30 

29,20 

3,66 

23,66 

27,32 

1,49 

— 

— 

12 

10,07 

59,77 

30,16 

2,30 

24,75 

27,05 

1 ,48 

— 

— 

13 

5,38 

63,65 

30,97 

1,13 

25,67 

26,80 

1,48 

0,70 

98,04 

n  « 

14 

— 

68,00 

32,00 

— 

26,56 

26,. 56 

— 

— 

— 

It  w 

As  is  evident  from  Table  1,  the  molalities  of  NH4N(l3  and  NH4I  in  the  eutonic  solution  are  only  slightly 
less  than  in  the  corresponding  saturated  binary  solutions.  This  means  that  ternary  solutions  on  the  univariant 
curves  of  the  given  system  remain  unsaturated  with  respect  to  the  second  salt  in  a  wide  range  of  concentrations. 
The  increase  in  the  solvent  power  of  water  in  ternary  solutions  of  die  system  under  consideration  is  directly 
connected  with  die  transition  of  the  solution  structure  to  denser  packing  and  with  the  joint  presence  of  NO3 
and  I"  ions  therein.  The  noncommon  NO3'  and  1“  anions  apparently,  to  different  degrees,  strongly  inhibit 
the  formation  of  an  effective  nonsaturating-salt  structure  in  ternary  solutions  on  each  of  the  univariant  curves. 
Therefore,  such  structures  are  formed  in  the  eutonic  solution  under  conditions  where  its  total  molality  is  not 
substantially  different  from  die  sum  of  molalities  of  the  saturated  binary  solutions.  The  peculiarity  discussed 
above,  of  joint  solubility  in  the  system  NH4NO3  — NH4I  —  M2t\  supports  the  idea  of  diminished  stability  of 
structural  ion  groups  determining  the  crystallization  of  NH4NO3  and  NII4I,  and  the  idea  of  the  substantial  in¬ 
fluence  of  this  factor  on  the  solubility  of  these  salts. 

The  rather  large  difference  in  the  displacement  coefficients  characterizing  the  solubility  of  the  saturating 
salts  must  be  regarded  as  another  peculiarity  of  joint  solubility  in  the  system  under  consideration.  It  follows 
from  comparison  of  the  average  displacement  coefficients  on  the  isotherm  curves  that  the  salting- out  effect  of 
NH4I  is  much  greater  than  that  of  NH4NO3.  This  means  that  identical  molar  quantities  of  NH4NO3  and  NH4I  are 
salted-out  from  their  saturated  solutions  by  far  fewer  moles  of  Nll4l  than  of  NH4NO3.  This  peculiarity  of 
joint  solubility  in  die  system  NH4NO3  — NH4I-H2O,  apart  from  other  factors  considered  in  part  by  us,  is  deter¬ 
mined  by  the  structures  of  the  saturated  binary  solutions. 

Saturated  NH4NO3  solution  contains,  on  the  average,  one  water  molecule  per  ion.  The  structure  of  this 
solution  with  respect  to  close  order  of  particles  approaches,  as  nearly  as  possible,  the  structure  proper  to  the  salt. 
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Presumably  tlie  greater  degree  of  salting- out  of  Nfl^NOj  from  ternary  solutions  in  eomparison  with  NH^l  is  due 
to  the  faet  tliat  the  structure  of  a  saturated  solution  of  this  salt  contains  a  relatively  large  region  of  ionic  close 
order,  capable  of  crystallization.  Tlie  greater  degree  of  salting- out  of  Nfl4N03  also  determines  the  greater 
lowering  of  tlie  individual  solubility  of  NH^N03  eiitonic  solution,  although  this  solubility  is  more  than 

twice  the  individual  solubility  of  NH4I. 

The  close  order  of  NII4'*’  and  I '  ions,  being  more  stable  and  symmetrical  than  that  of  NH4'’’  and  NO3 
ions,  becomes  effective  under  conditions  where  joint  order  of  ions  and  water  molecules  predominates  in  the 
structure  of  the  saturated  solution.  Such  a  structural  state  of  the  saturated  NH4I  solution  favors  both  little 
salting-out  of  the  saturating  salt  from  it  and  considerable  solubility  of  NH4NO3  in  it.  Quite  probably,  ions  of 
the  nonsaturating  salt  NM4Nt)3  will  be  preferentially  located  in  a  water- rich  region  of  the  saturated  solution 
and  will  not  appreciably  disturb  any  part  of  tlie  structure  substantially  effective  with  respect  to  NH4I. 

Solubility  in  the  System  KNO3  -  K1  “H2O 

This  system  had  not  been  studied  before.  The  results  of  our  investigation  ate  given  in  Table  2  and  Fig.  3. 
In  contrast  to  tlie  preceding  system  the  individual  solubility  of  the  iodide  is  far  greater  than  that  of  the  nitrate. 
The  great  difference  in  the  solubilities  of  ammonium  and  potassium  nitrates  also  merits  attention. 


WKI 


KNO, 


Fig.  2.  Relation  between  Xq-  x  and  ^  for 
ternary  solutions  of  the  system  Nll4Nti3  — 

-NH4I— lljO,  saturated  in  NI!4l  (l)  and  The  rhombic  KNO3  crystal  is  made  up  of  and 

NII4NO3  (2).  NO3"  ions.  The  manner  of  packing  and  coordination 

(fi  :f>)  of  the  i«>ns  is  the  same  as  in  the  aragonite  structure 
L17J,  which  can  be  derived  frotii  the  NiAs  structure  by  substituting  potassium  for  nickel  and  the  nitrate  group  for 
arsenic.  The  six  N03‘  ions  are  so  disposed  relative  to  the  ion,  that  each  ion  is  directly  adjacent  to  nine 
oxygen  atoms.  The  cubic  KI  crystal  has  the  NaCl  structure.  The  interionic  distance  is  3.526  A  [15j. 


In  order  to  evaluate  the  influence  of  the  stability  of  structural  ion  groups  determining  crystallization  from 
solution  on  the  solubility  of  KNtij  and  KI,  the  sharply  different  changes  in  the  solubilities  of  the  salts  at  tem¬ 
peratures  above  25"  must  be  noted:  the  molality  of  saturated  KNO3  solution  is  approximately  equal  to  tliat  of 
saturated  KI  solution  at  60"  but  is  nearly  twice  as  great  at  90"  118J.  Apparently,  the  effect  of  this  factor  on  the 
solubility  of  each  salt  depends  to  a  substantially  different  degree  on  the  intensity  of  thermal  motion  in  the 
solution.  It  follows  from  comparison  of  the  solubilities  at  25",  that  thermal  motion  liinders  the  attainment  of 
effective  ionic  order  on  solution  of  KNO3  to  a  lesser  degree  than  on  solution  of  KI,  although  the  close  order  for 
the  first  salt  is  less  stable  than  that  for  the  second.  Hence,  the  greater  solubility  of  KI  in  comparison  with  KNO3 
at  25"  may  be  explained  by  the  fact  that  under  these  conditions  thermal  motion  weakens  the  attractive  forces 
between  K'*’  and  I'  ions  in  the  solution  to  a  greater  degree  than  between  K*  and  NO3"  ions.  It  may  be 
further  presumed  that  as  the  temperature  rises,  the  sensitivity  of  the  less  stable  close  order  of  K^  and  NO3” 
ions  to  thermal  motion  increases  more  than  that  of  the  close  order  of  K'*’  and  f  ions.  This  hypothesis  is 
confirmed  by  comparison  of  the  solubilities  of  KNO3  and  KI  at  temperatures  above  60",  from  which  it  follows 
that  the  effect  of  the  stability  of  structural  groups  on  the  solubility  of  KNO3  is  most  distinctly  manifested  at 
relatively  high  temperatures. 
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It  must  also  be  noted  tliat  the  greater  solubility  of  K1  in  comparison  with  KNO3  at  25*  is  explained  by 
the  diminished  negative  hydration  of  the  I*  ion  in  comparison  with  the  NO3’  ion.  Possibly  the  pronounced 
disruption  of  the  solvent-water  structure  by  the  NO3’  anion  at  relatively  low  temperatures  facilitates  crystalliza¬ 
tion  of  KNO3  from  solution,  to  a  substantial  degree.  The  great  difference  in  the  solubilities  of  ammonium  and 
potassium  nitrates  at  25*  and  other  temperatures  is  directly  determined  by  the  difference  in  stability  of  close 
order  of  the  ions.  Undoubtedly  the  grouping  of  and  NO3*  ions  in  aqueous  solution  is  less  stable  than  that 
of  and  N03’  ions  not  only  because  it  is  less  symmetrical,  but  also  because  its  central  ion  has  a  higher 
coordination  number. 


TABLE  2 

System  KNO3— K1  “U|0  at  25* 


No.  of 
point 

Composition  of 
wt.  % 

solutions 

moles  pet  1000  gH20 

l< 

Cooip 
residu 
wt.  % 

of 

e. 

Solid 

phase 

KI 

KNO, 

11,0 

Kl 

1  KNO, 

1  sum 

K  I 

KNO, 

1 

59.88 

40,12 

8,99 

8,99 

_ 

100 

KI 

2 

58,60 

2,56 

38,84 

9,09 

0,65 

9,74 

0,32 

98.20 

0.40 

same 

3 

57,10 

4,97 

37,93 

9,07 

1 ,30 

10, .37 

0.35 

97,36 

0,95) 

4 

56,03 

6,40 

37,57 

8.98 

1 .69 

10,67 

0.36 

94,. 50 

1 ,80 

5 

55,06 

7,80 

37,14 

8,93 

2,08 

11,01 

0,38 

4,80 

91,43 

Kl  3-  KNO 

0,57 

— 

— 

KNO3 

6 

48,08 

9,60 

42,32 

6,84 

2,24 

9,08 

0,59 

3,60 

95,34 

same 

7 

43,93 

9,90 

46,17 

5,73 

2, 12 

7,85 

0,64 

5,80 

86,29 

8 

39,20 

10,76 

50,04 

4,72 

2,33 

6,85 

0.68 

— 

— 

" 

9 

36,79 

12,08 

51,13 

4,34 

2,34 

6,68 

0,66 

2,50 

94,40 

•* 

10 

31,53 

13,80 

54,67 

3.47 

2,50 

5,97 

0,69 

— 

— 

11 

28,36 

14,80 

56,84 

3,00 

2,58 

5,58 

0,71 

0,18 

97,80 

12 

24,42 

16,12 

59,46 

2,48 

2,68 

5,16 

0,73 

0,60 

97,93 

13 

21,53 

16,76 

61,71 

2,10 

2,<i8 

4,78 

0,78 

0,66 

94,36 

" 

14 

17,70 

18,30 

6'., 00 

1,67 

2,83 

4,50 

0,81 

0,50 

91,67 

" 

15 

14,56 

19,82 

65,62 

1,34 

2,99 

4,33 

0.81 

— 

— 

tf 

16 

11,62 

21,40 

66,98 

1,05 

3,16 

4,21 

0,79 

0,50 

95.97 

" 

17 

8,52 

22,80 

68,68 

0,75 

3,29 

4,04 

0,80 

0,16 

S’8,56 

ft 

18 

3,50 

25,32 

71,18 

0.30 

3,52 

3,82 

0,81 

0,40 

96,73 

ft 

19 

— 

27,16 

72,84 

— 

3,69 

3,69 

— 

— 

100 

It 

Joint  solubility  in  the  system  KNO3-KI-H2O  is  characterized  by  a  linear  relation  between  Xq  -  x  and^, 
this  relation  being  represented,  in  the  case  of  ternary  solutions  saturated  with  respect  to  KNO3,  by  two  straight 
lines  of  different  slope,  whose  intersection  gives  a  break  point  (Fig.  4).  The  lower  and  upper  straight  lines  of 
the  graph  for  KNO3  are  drawn  through  points  calculated  on  the  basis  of  ternary-solution  compositions  corre¬ 
sponding  to  points  13-18  and  5-12,  respectively,  in  Table  2. 

The  average  value  of  K  in  ternary  solutions  saturated  in  K1 
is  0.35,  whereas  that  in  ternary  solutions  saturated  in  KNO3  is  0.80 
for  the  lower  straight  line  and  0.66  for  the  upper  one.  In  the  region 
of  ternary-solution  concentrations,  corresponding  to  the  upper  straight 
line,  deviations  of  calculated  values  of  K  from  the  average  value  lie 
beyond  the  limits  of  analytical  error  in  most  cases. 

With  respect  to  the  mutual  influence  of  salts,  joint  solubility 
in  the  system  KNO3—  KI  —  HjO  is  generally  similar  to  that  in  the 
system  NH4NO3  ~  NH^l -HjO.  In  the  eutonic  solutions  of  both  iso¬ 
therms  the  molality  of  the  nitrates  is  far  lower  than  that  of  the 
iodides  despite  the  opposite  difference  in  the  individual  solubilities 
of  the  component  salts  of  the  system.  It  follows  from  the  given 
comparison,  that  NO3*  ions  have  a  greater  inhibiting  effect  on  the  crystallization  of  iodides  from  ternary 
solutions  than  I  *  ions  have  on  the  crystallization  of  nitrates. 


L - -  i  ■ _ I — 

0  OJ  0.2  0,3  y 

Fig.  4.  Relation  between  Xj  -  x  and 
y  for  ternary  solutions  of  the  system 
KNOj— Kl~HjO,  saturated  In  KNO3. 
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The  presence  of  a  break  on  (lie  curve  of  Xg  -  x  and  y  for  KNO3  indicates  that  joint  solubility  is  deter¬ 
mined  to  a  certain  extent  by  the  change  in  the  structure  of  tlie  saturated  KNOj  solution  in  ternary  solutions 
witli  a  predominant  concentration  of  the  nonsaturating  salt  Kl.  Presumably,  in  a  KNO3  solution  saturated  at  25* 
(moderate  concentration)  the  close  order  proper  to  water  is  retained  to  a  considerable  degree.  The  transition 
of  tliis  "eutectic"  structure  to  a  more  densely  packed  one  leads  to  a  change  in  the  conditions  of  joint  solubility 
and  a  decrease  in  the  region  of  effective  structure,  which  also  is  reflected  in  a  decrease  in  the  average  value  of 
K  in  ternary  solutions  corresponding  in  concentration  to  the  upper  segment  of  the  curve  Xg  -  x  =  /  (y). 

It  follows  from  comparison  of  tlie  average  values  of  K  along  both  isotherms,  that  the  less  symmetrical 
(in  comparison  with  iodides)  ionic  close  order  in  nitrates  has  greater  capacity  for  crystallization  from  ternary 
solutions. 


S  UMM  ARY 

1.  Solubility  in  the  systems  NII4NO3- Nll^l  — HjO  and  KNO3  — Kl  — H2O  at  25”  was  studied. 

2.  Solubility  in  the  systems  named  was  compared  with  die  structures  of  the  component  salts  and  their 
saturated  solutions. 

3.  Tlie  varying  solubility  of  salts  in  the  studied  systems  is  determined  to  a  certain  degree  by  the  relative 
stability  of  the  ionic  close  order  taking  part  in  die  crystallization  of  salts  from  saturated  solutions:  the  more 
stable  this  order  is,  the  less  soluble  is  the  salt. 

4  Joint  solubility  in  both  systems  is  characterized  by  a  linear  relation  between  Xg  -  x  (moles  of 
salted- out  salt)  and  y  (moles  of  dissolved  salt). 

5.  The  linear  relation  between  Xg  -  x  and  y,  its  representation  for  KNOg  by  two  straight  lines  of 
different  slope,  and  the  difference  in  displacement  coefficients  indicate  with  one  accord,  that  joint  solubility 
is  determined  by  the  structural  state  of  saturated  solutions. 
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Tlie  intensity  and,  in  part,  degree  of  depolarization  of  the  Raman  lines  of  styrene  and 
21  nitro  compounds  were  investigated.  It  was  sliown  tliat  these  spectral  parameters  make  it 
possible  to  reach  conclusions  on  certain  structural  details  of  the  molecules  and  on  the  connection 
with  the  properties  of  their  electron  shells. 

INTRODUCTION 


One  of  tile  important  parameters  of  the  individual  chemical  bond  and  the  molecule  as  a  whole  is  the 
polarizability  a.  Being  a  tensor  quantity,  the  molecular  polarizability  is  usually  expressed  in  the  form  of  an 
ellipsoid.  In  the  course  of  vibratory  motion  of  nuclei  the  ellipsoids  of  polarizability  a  undergo  periodic  de¬ 
formations.  The  character  of  these  deformations  is  represented  in  turn  by  the  ellipsoid  of  die  derivative  of 

polarizability  with  respect  to  the  normal  vibration  coordinate  q.  The  form  of  this  ellipsoid  often  can  be 
estimated  directly  through  a  simultaneous  study  of  the  intensity  and  state  of  polarization  of  Raman  lines.  Since 
the  ellipsoids  of  a  and  coincide  in  orientation  in  some  cases  [1],  indirect  evidence  on  the  relative  polariza¬ 
bilities  of  molecules  and  individual  bonds  and  groups  can  be  obtained  from  Raman  spectral  data  [2]. 

Conjugated  multiple  bonds  occupy  a  special  place  in  Raman  spectroscopy.  As  experiment  shows,  con¬ 
jugation  has  an  extremely  marked  effect  on  the  intensity  of  Raman  lines  owing  to  the  great  polarizability  of 
JT  electrons.  Hence,  intensities  in  Raman  spectra  may  be  used  for  objective  characterization  of  the  degree  of 
conjugation  in  such  systems.  Information  of  this  kind  is  especially  valuable  because  Raman  lines,  being 
characteristic  in  contrast,  for  instance,  to  ultraviolet  absorption  bands,  make  it  possible  to  draw  conclusions  on 
local  variations  in  the  electron  cloud,  and  not  only  on  the  behavior  of  the  molecule  as  a  whole. 

Extensive  experimental  investigations  of  the  effect  of  different  structural  factors  (in  particular,  conjugation) 
on  the  intensity  of  Raman  lines  of  various  compounds  were  conducted  by  Shorygin  and  his  co-workers  [3]. 

In  the  present  work  a  new  class  of  substances  important  in  practical  synthesis  —  unsaturated  nitro  com¬ 
pounds  —  was  investigated  in  the  aspects  noted  above,  apparently  for  the  first  time. 

In  this  case,  in  order  to  obtain  the  fullest  possible  information  on  die  behavior  of  different  parts  of  the 
molecule,  we  studied  the  intensity  and  state  of  polarization  of  lines  corresponding  to  vibrations  of  die  nitre 
group,  the  double  carbon- carbon  bond,  and  the  benzene  ring. 
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Wave  Numbers  (in  cm'*).  Intensities  (on  a  scale  of  arbitrary  units),  and  Degrees  of 
Depolarization  of  Certain  Raman  Lines  in  the  Spectra  of  Styrene  and  Unsaturated  Nitro 
Compounds 
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Table  (Continued) 
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Experimental 


The  investigation  was  conducted  by  means  of  a  photoelectric  instrument  [4].  Tlie  solvent  was  acetone  in 
all  cases.  The  intensity  of  nitro- group  vibration  lines  was  measured  with  resf>ect  to  the  1430  cm"*  line,  whereas 
that  of  benzene-ring  and  C=C  bond  vibration  lines  was  measured  with  respect  to  die  1710  cm"*  line  of  acetone. 
The  spectral  aperture  widdi  was  about  16  cm"*.  In  this  case,  no  appreciable  differences  in  the  half- width  of 
the  measured  lines  were  observed.  The  choice  of  wider  apiertures  was  limited  by  the  requirement  that  benzene¬ 
ring  and  C=C  bond  vibration  lines  having  nearly  the  same  wave  number  be  resolved. 

Tlie  spectra  were  excited  by  the  4358  A  line  of  a  low-pressure  mercury  spectrum  tube  [6j.  In  this  case 
the  conditions  of  die  investigation  were  very  close  to  resonance  for  many  substances.  The  concentration  of  the 
great  majority  of  substances  varied  from  10"*  to  10" ’  M,  which  practically  excluded  the  possibility  of  molecules 
of  these  substances  interacting  among  themselves.  Tlie  reproducibility  of  results  was  ±  3-4%  for  intensities, 

±  0.01-0.03  for  degrees  of  depolarization,  and  ±  5  cm"*  for  wave  numbers. 

Discussion  of  Results 

A  clear  idea  as  to  how  strongly  the  molecular  structure  and  character  of  conjugation  affect  the  intensity 
of  Raman  lines  may  be  obtained  from  a  comparison  of  the  data  given  in  the  table.  For  the  simplest  nitro  com¬ 
pound  -  nitromethane  (I)  —  the  intensity  of  the  symmetrical  valence  vibration  of  the  nitro  group  is  equal  to 
0.02  in  the  chosen  units.  In  the  case  of  the  paramethoxy  derivative  of  nitrostyrene  (XII)  die  intensity  of  this 
vibration  is  40,  and  for  a  nitro  compound  containing  two  double  carbon- carbon  bonds  and  a  five-membered 
furan  ring,  all  conjugated  (XVII),  the  intensity  reaches  255. 

Being  very  sensitive  to  conjugation,  die  lines  of  different  vibrations  vary  differently  in  intensity,  depending 
on  the  molecular  structure.  The  intensity  of  the  antisymnietrical  benzene- ring  vibration  is  the  most  strongly 
affected.  This  may  be  illustrated  by  the  example  of  compounds  VI,  XII,  XVI,  and  XVIII.  It  is  evident  from 
comparison  of  these  data,  that  the  intensity  of  the  NO2- group  vibration  changes  at  least  4.5- fold,  whereas  die 
intensities  of  the  ring  and  C=C  bond  vibrations  change  about  20-  and  6- fold,  respectively.  The  absence  of 
•covariance"  in  the  intensities  of  different  vibrations  also  merits  attention;  the  intensity  of  the  ring  vibration 
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is  j;riatfst  for  tlic  symnietrica!  dinitro  derivative  (XVIIl),  that  of  the  C-C  bond  vibration  is  greatest  for  another 
dinitro  derivative  (XVI),  and  that  of  the  nitro-groiip  vibration  is  greatest  for  the  paraniethoxy  derivative  of 
nitrostyrene  (XII).  Tints,  the  effeet  of  ei>tijngation  apparently  depends  on  the  inductive  influence  of  the  groups. 
The  pronounced  influence  of  nucleophilic  substituents  in  the  para-position  of  the  benzene  ting  on  the  nitro  group 
vibration  intensity  has  lx:en  observed  many  titties  in  the  ease  of  arotnatic  nitro  compounds  [3]. 

If  the  spectra  of  siihstanees  VI  and  XVIII  are  eotnpared,  it  is  evident  tliat  tlie  presence  of  symmetrically 
oriented  groups  and  bc'iids  in  coniugated  systetns  not  only  does  not  diminish,  but  on  the  contrary,  quite  sharply 
increases  tlie  intensity  of  every  vibration.*  This  is  observed  also  in  the  spectra  of  analogous  compounds  in  which 
however,  hydrogen  on  an  ethyletiie  carbon  atom  is  replaced  by  a  methyl  group  (XII)  and  (XIX).  For  unsym- 
metncal  dinitro  derivatives  (XIV  and  XV)  tlie  intensities  of  benzene- ring  and  double-bond  vibrations  are  in- 
i  reased,  whereas  the  intensity  of  the  nitro- group  vibration,  on  the  contrary,  is  diminished  in  comparison  with 
cotnpounds  VI  and  VII.  Since  the  table  cotnaitis  mtetisity  data  referred  to  a  single  NO2  group  on  the  basis  of 
their  assumed  equivalence,  die  latter  result  -  relative  weakening  of  the  nitro-group  vibration  —  is  nothing 
other  than  evidence  tliat  diis  hypothesis  is  incorrect.  Obviously,  it  is  more  correct  to  regard  the  two  NOj  groups 
in  compounds  XIV  and  XV  as  nonequivalent.  Tlie  NOj  grotip  attached  directly  to  the  ring  probably  makes  a 
smaller  contribution  to  die  measured  intensity.  Tliis  means  diat  the  position  of  groups  has  a  substantial  influence 
on  conjugation.  It  may  be  presumed  that  the  vibration  frequencies  of  each  nitro  group  also  differ.  This  is 
subject  to  e.xperimental  verification. 

Tlic  facts  regarding  the  influence  of  symmetrically  oriented  groiqis  and  bonds  in  conjugated  systems  may 
be  qualitatively  explained  on  die  basis  of  quantum- mechanical  concepts  where  a  molecule  widi  conjugated 
bonds  is  regarded  as  a  potential  box  in  which  the  boundary  conditions  are  represented  by  infinitely  high  barriers, 
and  die  presence  of  single  bonds  is  represented  by  finite  barriers  widiiti  the  box.  According  to  Vol’kenshtein 
and  Yazykova  |GI,  the  intensity  of  the  symmetrical  valence  vibration  of  the  polyene  chain  must  depend  to  an 
extremely  great  extent  on  the  length  I,  of  the  "box*  (I  ~  L®).  Presumably,  the  dependence  of  1  on  L  will  also 
be  very  pronounced  for  any  other  vibrations.  On  the  other  hand,  according  to  the  data  of  Veselov  and  Rekasheva, 
the  form  of  the  barrier  at  die  boundaries  is  nearly  independent  of  a,  da/dq,  and  the  intensity  of  the  Raman 
line  [71.  The  influence  of  certain  end  groups  in  the  molecules,  in  particular,  obviously  affects  die  change  of 
form  of  the  barrier  at  the  boundaries.  Hence,  it  is  conceivable  that  in  symmetrical  dinitro  derivatives  the 
factor  of  increase  in  the  lengdi  I,  of  the  "box,®  which  determines  the  observed  effects,  predominates  to  a  con¬ 
siderable  degree. 

Comparison  of  para-  and  meta-  derivatives  between  themselves  (XVIII,  XIX,  and  XXI,  XXll)  shows 
dial  die  intensities  of  all  lines  in  the  latter  group  of  compounds,  especially  benzene- ring  vibration  lines,  are 
greatly  diminished.  From  Shorygin’s  works  [3]  it  is  known  that  a  similar  picture  is  observed  in  die  spectra  of 
aromatic  compounds.  Clearly,  differences  in  the  conditions  of  conjugation  are  manifested  here.  In  this  case 
the  benzene- ring  vibration  is  changed  most  of  all.  Here,  as  in  the  examples  considered  earlier,  die  special 
position  of  die  benzene  ring  is  evidently  explained  by  the  fact  diat  the  corresponding  vibration  encompasses  the 
whole  system  of  conjugated  bonds  at  once  and  is  not  localized  in  one  bond.  In  die  given  case,  therefore,  the 
summary  effect  of  conjugation  is  observed. 

Tlie  data  given  in  die  table  are  of  some  interest  if  one  compares  compounds  VI,  IX,  XII,  and  XIV  among 
themselves  on  die  one  hand  and  compounds  VII,  X,  XIII,  and  XV  on  the  other.  Evidently,  die  replacement  of 
hydrogen  on  the  ediylenic  carbon  atom  by  a  mediyl  group  invariably  leads  to  appreciable  weakening  of  the 
entire  spectrum.  It  may  be  assumed  diat  the  introduction  of  mediyl  groups  in  die  indicated  position  disturbs 
die  planarity  of  the  molecule;  diis  results  in  weakening  of  die  conjugation  and  hence  die  intensity  of  die 
Raman  lines.  Thus,  these  results  of  the  investigation  indicate  diat  the  nitro  groups  in  molecules  VH,  X,  XIII, 
and  XV  and,  at  least,  die  benzene  rings  do  not  lie  in  die  same  plane. 

Let  us  turn  now  to  die  description  and  discussion  of  die  results  of  polarization  measurements.  The  degree 
of  depolarizatioa  p  of  die  C=C  bond  vibration  line,  according  to  the  tabular  data,  lies  in  die  interval  0.28  to 
0.43.  The  more  favorable  the  conditions  for  conjugation  are,  die  greater  is  the  degree  of  depolarization.  For 

*  The  vibration  intensities  in  die  table  relate  to  the  same  number  of  NOj  groups  and  C=C  bonds. 
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the  characteristic  bond  vibration,  as  well  as  the  diatomic  molecule,  the  degree  of  depolarization  may  assume 
a  maximum  value  of  0.5.  This  corresponds  to  maximum  anisotropy  of  the  ellipsoid  da/dq  [1],  This  means 
that  in  the  case  under  consideration  the  ellipsoid  do/dq  extends  further  and  further  along  the  axis  connecting 
the  carbon  atoms,  as  the  effect  of  conjugation  increases.  Obviously,  tlie  polarizability  a  of  the  C=C  bond 
also  increases  along  this  axis,  together  with  the  stated  effect.  Our  data  on  the  behavior  of  tlie  C=C  bond  on 
conjugation  agree  witli  literature  data  for  other  molecules  [8,  9J. 

Earlier  one  of  us,  together  with  Vol'kenshtein,  measured  tlie  degree  of  depolarization  of  the  symmetrical 
valence  vibration  line  of  the  nitro  group  in  certain  aromatic  nitro  compounds  12J.  In  this  case,  it  was  sliown 
that  the  introduction  of  nucleophilic  substituents  in  the  para-position  of  tlie  benzene  ring  causes  systematic 
elongation  of  tlie  ellipsoid  da/dq  oriented  along  the  symmetry  axis  of  the  nitro  group  and  retaining  this 
orientation.  It  is  of  definite  interest  to  follow  the  influence  of  a  double  carbon-carbon  bond  in  the  side-chain 
on  the  degree  of  depolarization  of  this  vibration.  For  this  purpose,  we  compare  nitrobenzene  (IV)  (Ij  =  0.75, 

Pj=  0.22)  and  nitrostyrene  (VI)  (1|  =  9,  pi  =  0.32).  Botli  tlie  intensity  and  the  degree  of  depolarization  of  the 
line  are  greater  for  VI  than  for  IV.  Hence,  it  may  be  considered  that  for  the  given  molecules  ellipsoid  do/dq 
and,  quite  probably,  ellipsoid  a  simply  extend  in  one  direction  —  along  the  symmetry  axis  of  the  nitro  group. 

Apparently,  a  different  picture  is  observed  in  the  case  of  para-ethoxynitrobenzene  (XI)  (Ii  =  5,  p|  =  0.42) 
and  para-methoxynitrostyrene  (XII)  (I2  =  40,  pi  =  0.39).  Since  tlie  intensity  and  the  degree  of  depolarization  of 
the  line  vary  in  opposite  directions  on  passing  from  the  first  compound  to  the  second,  this  should  be  attributed 
to  simultaneous  elongation  of  all  axes  of  the  nitro-group  ellipsoid  da/dq.  It  may  be  assumed  on  the  preceding 
grounds,  that  a  change  of  molecular  structure  entails  a  change  in  the  polarizability  of  the  nitro  group  in  all 
directions  *  in  the  case  under  consideration. 

Tlie  behavior  of  tlie  degree  of  depolarization  of  the  benzene- ring  vibration  line  is  also  interesting.  As  is 
evident  from  the  tabular  data,  this  line  is  distinctly  polarized  in  the  spectra  of  molecules  distinguished  by 
favorable  conditions  for  conjugation.  Thus,  for  instance,  in  the  case  of  para-methoxynitrostyrene  (XII)  the  degree 
of  depolarization  of  this  line  is  0.38.  The  latter  fact,  it  would  seem,  indicates  a  change  in  the  form  of  the 
"antisymmetrical"  ring  vibration  as  a  result  of  bond  conjugation  (see  also  [9j). 

The  ~  1600  cm'*  benzene- ring  line  under  consideration  belongs  to  the  doubly  degenerate  vibration 
E(A  +  B).  It  may  be  assumed  in  principle  that  in  molecules  with  good  conjugation  the  first  component  is 
strengthened  as  a  result  of  optical  resonance,  only  if  it  corresponds  to  a  longer- wave  band.  Thereby  the 
systematic  decrease  in  the  degree  of  depolarization  of  this  line  (the  first  component  is  polarized,  in  contrast 
to  the  second)  is  also  explained.  This  explanation,  however,  is  contradicted  by  the  fact  that  for  the  anti¬ 
symmetric  nitro-group  vibration,  which  is  not  degenerate,  the  degree  of  depolarization  apparently  varies  in 
a  similar  manner  with  respect  to  the  conditions  of  conjugation  (see  IV  and  XI).  As  yet  we  have  available  no 
data  on  the  behavior  of  this  vibration  of  the  nitro  group  in  other  compounds.  Nevertheless,  on  the  basis  of  all 
the  measurements  already  carried  out,  it  is  suggested  tliat  the  increase  and  decrease  in  the  degree  of  depolariza¬ 
tion  of  lines  that  are  polarized  and  depolarized,  respectively,  in  the  absence  of  conjugation,  is  a  general  con¬ 
sequence  of  the  proximity  of  the  exciting  line  to  the  actual  absorption  band;  i.e.,  it  is  due  to  the  phenomenon 
of  optical  resonance.  The  correctness  of  this  generalization  can  be  verified  by  measuring  the  state  of  polariza¬ 
tion  of  Raman  lines  excited  in  a  given  substance  by  different  lines  of  the  mercury  tube. 

The  authors  thank  P.  P.  Shorygin  for  a  fruitful  discussion  of  the  results. 

LITERATURE  CITED 

1.  M.  V.  Vol’kenshtein,  M.  A.  El’yashevich,  and  B.  I.  Stepanov,  Vibrations  of  Molecules  [in  Russian] 

(GITTL,  1949)  Vol.  II. 

2.  Ya.  S.  Bobovich  and  M.  V.  Vol’kenshtein,  Doklady  Akad.  Nauk  SSSR  71^  1045  (1950). 

3.  P.  P.  Shorygin,  Doctoral  Dissertation  (Fiz.-Khim.  Inst,  im  L.  Ya.  Karpov,  Moscow,  1949). 


*  The  accuracy  of  measurement  of  p  is  compatible  in  principle  with  these  considerations. 


292 


4.  Ya.  S.  Bobovicli  and  I).  B.  Gurevich,  Zhur.  Fksp.  i  Teorer.  Fiz.  318  (19M). 

5.  Ya.  S.  Bobovicli  and  V.  M.  Pivovarov,  Ifspeklii  Fiz  Nauk  689  (1936). 

6.  M.  V.  Vol'kenslitein  and  S.  M.  Yazykova,  Doklady  Akad.  Naiik  SSSR  104,  834  (1965). 

7.  M.  G.  Veselov,  Doctoral  Dissertation  (Izd.  IX3U,  1962);  T.  N.  Rekaslieva,  Master’s  Thesis  (Izd.  LGU, 

1964). 

8.  M.  M.  Siishchinskii  and  V.  I.  Tyiilin,  Dt'kiady  Akad.  Nauk  SSSR  %,  606  (1964). 

9.  T.  V.  Yakovleva,  Author’s  Abstract,  Master's  Ttiesis  (Vyst>koinolck.  SiH.*d.  AN  SSSR,  Leningrad,  1953). 

10.  K.  Kohlrauscli,  Raman  Spectra  [Russian  translati»in|  (IL,  Moscow,  1962). 


293 


ACCEPTOR- DONOR  CONCEPTS  APPLIED  TO  EXTRACTION* 

A.  V.  Nikolaev,  N.  M.  Sinitsyn,  and  S.  M.  Shubina 

Institute  of  Organic  Chemistry,  Siberian  Branch  of  the  Academy  of 
Sciences  of  the  USSR 

Translated  from  Zhurnal  Strukturnoi  Khimii,  Vol.  1,  No.  3,  pp.  319-323, 

September- October,  1960 

Original  article  submitted  December  16,  1959 


On  the  basis  of  acceptor- donor  concepts  and  the  inductive  effect,  and  also  experimental 
data  (infrared  spectroscopy,  effectiveness  of  extraction,  stability  of  molecular  compounds,  etc.) 
a  definition  is  given  of  the  special  features  of  organic  extraction  agents  which  give  them  the 
ability  to  extract  inorganic  substances  from  aqueous  solutions.  Special  attention  is  paid  to  the 
polarity  of  the  organic  molecules,to  methods  of  changing  this  parameter,  and  also  to  the 
availability  of  extraction  agents  with  higher  and  lower  boundary  values  of  polarity.  Cenain 
classes  of  compounds  for  further  investigation  as  extraction  agents  are  discussed. 

Recently  a  series  of  organic  derivatives  of  phosphoric  acid  have  been  suggested  as  extraction  agents  for 
inorganic  substances  [1,  2,  3J.  Tributyl  phosphate  or  TBP,  (C4H90)3P0 ,has  been  especially  widely  used  and  has 
attained  industrial  importance  [4J.  The  aim  of  the  present  article  is  to  discuss  the  structure  of  this  group  of 
extraction  agents  on  the  basis  of  acceptor- donor  concepts  and  the  inductive  effect  in  order  to  establish  an 
optimal  region  of  composition  both  for  extraction  and  for  purification.  Our  previous  paper  contained  the  basic 
ideas  of  this  investigation  and  below  we  shall  use  them  and,  if  this  is  successful,  generalize  them. 

The  starting  point  for  the  discussion  is  the  important  experimental  fact  (established  by  us  [3]  and  also  by 
foreign  workers  [1])  that  in  extraction  the  basic  interaction  between  the  extraction  agent  and  the  substance 
extracted  proceeds  tlitough  the  oxidic  oxygen  on  the  phosphorus,  and  not  the  ester  oxygen.  This  is  shown  on 
the  one  hand  by  the  change  in  the  P=0  vibration  frequency  in  the  infrared  spectrum  and  on  the  other  hand  by 
the  sharp  rise  in  extraction  as  the  ester  groups  are  changed  into  alkyl  groups  in  compounds  of  the  tributyl 
phosphate  type.  The  partition  coefficients  rise  a  hundred-  or  a  thousand- fold.  In  other  words,  not  only  does 
the  ester  group  not  facilitate  extraction,  it  actually  makes  it  mote  difficult. 

In  the  previous  report  [2]  two  circumstances  were  noted:  displacement  of  the  electron  cloud  of  the 
extraction  agent  toward  the  oxidic  oxygen  increased  the  polarity  and  the  extraction  power  when  an  increase 
in  the  inductive  power  of  the  organic  substituent  occurred  ^n  particular  when  the  ester  group  was  changed  into 
an  alkyl  substituent.  Hence,  it  was  concluded  that  in  the  series  below,  which  represents  the  growth  of  positive 
inductive  effect 

cila  <  Cilh  <  cil  (CllaVz  <n-C3H7  <  C  (CM,),  etc., 

there  should  be  an  increase  in  extraction  power  of  the  corresponding  derivatives;  this  conclusion  has  undoubted 
practical  interest  in  the  selection  of  extraction  agents. 


*  Reported  at  the  symposium  on  extraction  in  Moscow,  December,  1959. 
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Several  aiiUiors  have  shown  that  the  electron  cloud  is  displaced  toward  the  oxidic  oxygen  in  compounds 
of  tlie  tributyl  phosphate  type  [Sj.  However,  the  polarity  of  the  molecule  will  be  determined  not  only  by  this 
displacement  but  also  by  evident  movement  of  electrons  to  the  ester  oxygens,  though  this  is  far  less  than  that 
to  the  oxidic  oxygen.  As  a  result  of  this  the  positive  charge  on  phosphorus  Is  somewhat  increased  O"—  F*’  O' 
which  leads  to  a  decrease  in  the  polarity  of  die  group  as  a  whole.  From  this  point  of  view  the  change  of  the 
ester  oxygen  into  a  substituent  widi  a  mote  positive  inductive  effect  decreases  this  secondary  negative  charge 
and  increases  the  polarity  of  die  acidic  oxygen: 


Such  an  effect  would  be  the  clearer  the  larger  the  inductive  properties  of  the  alkyl  R*.  This  explains  die 
widespread  use  of  tributyl  phosphate  and  not  trimediyl,  triethyl  or  tripropyl  phosphates  which  have  substituents 
widi  smaller  inductive  effects.  Furdier  increase  in  die  chain  length  of  the  alkyl  substituent  should  be  discussed, 
but  the  increased  inductive  effect  dies  out  by  degrees.  All  octyl  derivatives  for  example  should  clearly  be  more 
effective  than  the  corresponding  butyl  derivatives. 

Similar  conclusions  can  be  drawn  based  on  the  negative  inductive  effect,  the  value  of  which  for  different 
substituents  generally  follows  the  series 


F  >  Cl  >  Hr  >  1  >  OCH,  >  CsHs-  ■  • 

Thus,  halogen  substituted  alkyls,  just  like  the  OR  group,  reduce  the  polarity  of  the  oxide  group  because 
of  their  negative  inductive  effect  according  to  die  scheme. 


RO 


RO 


OK 


This  has  already  been  mentioned  above  in  another  connection.  Aromatic  substituents  with  various  in¬ 
ductive  properties  can  change  the  polarity  of  the  whole  molecule  within  wide  limits. 

Thus,  using  two  routes  to  die  solution  of  die  problem  die  conclusion  is  reached  that  the  introduction  of  an 
alkyl  substituent  (without  polar  groups)  leads  only  to  an  increase  in  positive  inductive  effect  and  to  an  increase 
in  the  polarity  of  the  oxidic  oxygen  and  of  the  molecule  as  a  whole.  Using  the  series  which  gives  the  value  of 
the  positive  inductive  effect  many  useful  results  can  be  obtained.  For  example,  by  changing  all  the  ester  groups 
into  the  corresponding  alkyl  groups  one  can  achieve  the  maximum  positive  inductive  effect,  the  maximum 
polarity  and  in  fact  the  maximum  extraction.  In  fact,  as  our  experiments  have  shown  [3j,  tributylphosphine  oxide 
gives  maximum  extraction;  a  very  stable  molecular  compound  of  tributylphosphine  oxide  with  uranyl  nitrate  was 
successfully  separated.  This  compound  must  be  considered  to  be  more  polar  than  the  extraction  agent  because 
it  precipitates  from  nonpolar  solvents  (limiting  high- boiling  hydrocarbons  —  LHH)  in  which  the  oxide  itself  is 
very  soluble.  Such  compounds  possess  basic  properties  which  are  connected  with  their  great  polarity. 

Substitution  of  two  alkyl  groups  for  two  ester  groups  in  TBP*  leads  to  a  polarity  greater  than  that  of  the 
starting  material,  but  less  than  that  of  die  alkylphosphine  oxide.  Strongly  polar  addition  products  are  not  formed 
in  this  case,  and  the  normal  effect  of  an  increased  partition  coefficient  is  observed;  for  uranyl,  plutonium  (IV) 
and  others  it  is  increased  one-hundred  fold  whereas  for  ruthenium  nitrosonitrate  it  only  increases  some  8-10 
times  [2J. 

A  similar  change  of  only  one  ester  group  leads,  for  example,  to  the  dibutyl  ester  of  butyl phosphonic 
acid  (DEBP).  This  has  greater  polarity  than  TBP,  but  less  polarity  dian  the  butyl  ester  of  dibutylphosplionic  acid 


*  For  example,  die  butyl  ester  of  dibutylphosphorus  acid,  BEDP. 
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(BEDP).  The  partition  coefficient  is  correspondingly  increased  by  comparison  with  TBP-15-20  times  as  great 
for  urany]  and  plutonium,  but  only  twice  as  great  for  ruthenium. 

As  can  be  seen  extraction  with  BEDP  and  DEBP  of  the  two  groups  of  substances  discussed  is  increased  in 
such  a  way  that  the  purification  of  such  difficult  substances  as  ruthenium  is  increased  ten- fold  by  comparison 
with  extractions  using  TBP. 

Interesting  results  can  be  obtained  by  changing  the  butoxy- groups  in  TBP  into  other  radicals  such  as  methyl, 
ethyl,  propyl,  phenyl,  etc.  Increased  polarity  could  be  expected  and  tlierefore  increased  extraction  and  purifica¬ 
tion;  for  example  the  ethyl  ester  of  diethylpliosphonic  acid  would  be  more  polar  than  TBP  and  perhaps  also  than 
DEBP.  Besides  the  various  substituents  of  the  type  discussed  (alkyl,  phenyl,  etc.,)  the  amino-group  should  be 
especially  effective  —  it  is  a  typical  group  with  a  large  positive  inductive  effect.  In  this  case  one  could  avoid 
the  original  change  in  polarity  found  in  the  pliosphine  oxides  (see  above). 

The  esters  of  sulfuric  acid 


and  the  sulfones 

^0 

S 

"^0 

are  too  polar  for  use  as  extraction  agents  but  one  could  expect  extraction  properties  to  appear  in  derivatives  of 
sulfonic  acids. 

In  practical  organic  chemistry  dimethylsulfoxide  (CH3)2  S  O  has  obtained  recognition.  The  molecule 
of  this  compound  fits  in  well  with  the  interpretation  used  for  the  view  point  under  discussion.  Dimethylformamide, 
(CH,)*  N-CH  =0,also  has  the  properties  now  recommended  for  a  solvent  for  organic  compounds  as  can  be 
easily  understood.  This  molecule  contains  an  amido-group  witlt  a  large  inductive  effect  and  an  oxygen  with  a 
negative  charge.  The  amido-group  reinforces  this  charge  and  a  polarity  as  great  as  that  in  aqueous  solutions  is 
attained  [6]. 

These  two  examples  show  that  the  statements  discussed  above  have  general  value,  and  it  further  appears 
possible  to  approach  the  definition  erf  extraction  agents  with  optimal  extracting  power  (for  inorganic  and  certain 
organic  compounds)  starting  from  the  structure  of  tliese  molecules.  Extraction  agents  may  be  substances  con¬ 
taining:  a)  polar  or  semipolar  groups  (oxygen,  sulfidic  sulfur,  etc.)  attached  to  multivalent  atoms  (P,  S,  C,  etc.) 
capable  of  carrying  a  positive  charge,  and  b)  groups  with  an  inductive  effect  sufficient  to  promote  the  attainment 
of  polarity  by  the  whole  molecule.  The  polarity  should  not  rise  to  such  an  extent  that  the  extraction  agent  begins 
to  be  soluble  in  water  or  that  it  gives  strongly  polar  molecular  compounds  which  are  insoluble  in  the  extraction 
agent  and  in  nonpolar  solvents.  At  the  same  time  extraction  agents  of  small  polarity  may  not  cause  extraction 
because  they  are  unable  to  form  molecular  compounds. 

The  upper  and  lower  limits  of  polarity  should  be  further  defined  experimentally;  within  this  polarity 
range  will  be  included  the  true  extraction  agents  of  varying  types. 

Some  ideas  on  the  mechanism  of  addition  of  the  extracted  substance  to  the  extraction  agent  are  now 
appended.  The  molecular  compound  of  phosphorus  oxychloride  with  stannic  chloride  (m.  p.  54*,  b.  p.  118*) 
has  been  known  for  a  relatively  long  time.  Thus  substance  is  nonpolar  since  it  dissolves  in  nonpolar  solvents 
and  its  conductivity  in  the  molten  state  is  very  small.  A  clear  analogy  in  composition  with  this  is  observed  in 
the  compound  2  (04(190)1  PO  *  UOt  (NOj)!  found  in  the  study  of  the  extraction  equilibrium  with  tiibutyl  phosphate 


*  Our  attention  was  drawn  to  these  two  compounds  by  corresponding  Member  of  the  Academy  of  Sciences  of 
the  USSR,  N.  N.  Vorozhtsov. 
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[8J.  This  is  unstable  in  comparison,  for  example,  with  the  sulfate  complex  of  utanyl  (Kinst  =  0.2)  and  an 
aqueous  solution  of  sulfate  re-extracts  uranyl  nitrate  from  TBP.  We  have  isolated  [3J  the  strongly  polar  com¬ 
pound  with  tributylphosphine  oxide  which  is  very  stable.  The  composition  of  this  is  analogous  to  tliose  discussed 
above;  2(C4H9)3PO*  U02(N0j)2.  This  compound  is  insoluble  in  nonpolar  solvents  (lliH). 

Kuznetsov  [9J  later  on  correctly  turned  his  attention  to  oxygen-containing  compounds  which  are  used  in 
the  extraction  of  a  large  number  of  inorganic  compounds.  For  example,  the  compound  of  uranyl  nitrate  with 
diethyl  ether  [lOj  is  well  known.  From  a  different  point  of  view  ary Idiazonium  salts  of  tlie  type  ArN2Cl  •  MCI3 
(where  M  =Fe®^,  Sb^^,  Bi*\  and  Hg*^)  are  also  of  interest  These  separate  from  organic  solvents; 

the  salt  molecules  in  these  compounds  can  be  substituted. 

In  Vosnesenskii's  book  [7J  published  twenty- two  years  ago  it  was  noted  that  tlie  bonds  in  inner  complex 
compounds  with  stannic  chloride  were  weakened  on  tlie  introduction  of  negative  substituents: 


Typical  inner  A  more  soluble  and  Unstable  easily 

complex  salt  dissociable  salt  with  hydrolyzed  salt 

with  a  red  color  a  dark  violet  color 


It  was  also  noted  that  meta-  and  para-hydroxyketones  formed  addition  compounds  with  SnCl4,  whereas 
ortho- hydroxyketones  initially  gave  addition  products  which  then  eliminated  hydrogen  chloride  and  were  trans¬ 
formed  into  inner- complex  compounds. 

0n-.si.ri.i 
r.  '0 

if  instead  of  a  hydroxy  group  a  methoxy- group  was  placed  in  the  position  ortho  to  the  carbonyl  group 
tlien  a  more  stable  addition  product  was  obtained,  which  was  only  transformed  into  an  inner  complex  salt  on 
heating. 

These  few  examples  are  sufficient  to  show  clearly  the  different  possibilities  for  weakening  and  strengthen¬ 
ing  the  bonds  in  addition  compounds  of  salts  with  organic  substances.  Many  more  similar  examples  could  be 
cited. 

It  sliould  be  noted  that  the  large  field  of  investigation  concerned  with  the  structure  of  extraction  agents 
and  their  ability  to  extract  inorganic  compounds  which  is  being  opened  up  is  little  understtxid  and  any  advance 
in  it  will  be  very  useful  and  important  in  practice. 

In  conclusion  attention  should  be  paid  to  one  particular  circumstance  that  interests  us,  namely  that  alkyl 
derivatives  should  be  relatively  more  stable  to  hydrolysis  and  irradiation  than  esters. 
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An  attempt  has  been  made  to  establish  the  connection  between  tlie  conditions  of 
solubility  and  the  conditions  of  equilibrium  for  a  solid  phase  in  a  binary  organic  system  with, 
on  the  one  hand,  the  physical  properties  of  ihe  crystals  of  the  pure  components  and,  on  the 
otlier  hand,  of  the  solid  solutions.  It  is  shown  that  it  is  possible  to  draw  conclusions  about  the 
structure  of  tlie  solid  solutions  and  the  characteristic  lattice  vibrations  from  the  thermodynamic 
functions  of  the  organic  crystals  obtained  from  tlie  known  diagrams  of  state. 

Introduction 

In  our  first  paper  [Ij  on  this  subject  the  conditions  for  the  formation  of  a  continuous  series  of  solid  solutions 
was  principally  discussed.  The  correctness  of  tlie  ideas  put  forward  in  this  paper  was  confirmed  experimentally 
in  the  structures  laboratory  of  the  INEOS  of  the  Academy  of  Sciences  of  the  USSR.  In  fact,  such  systems  as,  for 
example,  dibenzyl  —  stilbene,  anthracene  —  phenanthrene,  and  acridine  —  anthracene  appeared  to  be  erroneously 
attributed  to  systems  with  continuous  solubility. 

Tlie  present  report  is  concerned  with  the  other  side  of  the  question  —  the  conditions  of  solubility  for 
organic  substances  when  the  formation  of  mixed  crystals  is  a  much  more  advantageous  process  than  crystalliza¬ 
tion  of  the  components  separately.  Tliese  conditions  were  not  discussed  in  much  detail.  Only  the  conditions 
for  the  solubility  of  an  organic  substance  in  tlie  solid  state  were  formulated,  and  this  without  substantiation.  It 
was  asserted  that:  if,  mentally,  one  removes  a  molecule  from  the  crystal  and  in  its  place  puts  the  "foreign* 
molecule  then  solubility  will  occur  if  such  a  change  is  possible  with  the  retention  of  intermolecular  distances 
which  differ  only  negligibly  from  the  normal  ones.  We  believed  that  these  conditions  ate  necessary  and  sufficient 
for  molecular  crystals. 

Now  we  are  attempting  to  establish  the  thermodynamic  basis  and  a  quantitative  expression  for  the  con¬ 
ditions  of  solubility  for  organic  substances  in  the  solid  state. 

On  replacing  a  molecule  in  the  crystal  of  A  by  a  molecule  of  the  impurity  B  the  free  energy  of  the  A 
crystal  is  changed.  First  ,  introduction  of  a  foreign  molecule  leads  to  a  change  in  the  lattice  energy  which 
can  be  called  tlie  lattice  t'^nsion;  the  free  energy  is  changed  by  the  quantity  AU^g^j.  In  the  second  place  the 
free  energy  is  decreased  by  a  quantity  where  AS^^  =  /f[(l  — .r)  In  (1 — x)  -f-xina:) 

is  the  configuration  entropy.  Thirdly,  the  substitution  of  a  molecule  leads  to  a  change  in  the  free  energy  of  the 
vibration  spectrum  by  a  value  AFyi^.  Fourthly  and  finally,  one  should  take  into  account  the  possibility  of  a 
change  in  the  conformation  of  the  impurity  molecule  on  introducing  it  into  a  solid  solution.  If  the  difference 
in  the  conformation  energies  is  AE,  then  by  comparison  with  the  pure  substance,  the  free  energy  of  the  solution 
changes  by  xAE,  where  x  is  the  impurity  concentration. 
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Thus,  If  a  solid  solution  of  B  in  A  is  formed  then  its  free  energy  will  be 


A  A  }  ^^tens  mix  ^^vib  x,SE. 

At  a  given  temperature,  it  is  possible  either  to  form  a  mixture  with  free  energy  xFg  +  (1  -  x)Fy^,  or  to 
form  a  solid  solution.  If  the  solution  is  to  be  formed,  it  is  necessary  that  its  energy  should  be  the  smaller,  i.e., 

Fa  -I-  AFjgnj  —  T  |  ^S^\  |  AFyib  -\  r.\E  <  .rF„  [  (1  —  .r)  Fa- 

Since  the  free  intramolecular  energy  (interaction  between  molecules  does  not  affect  the  intramolecular 
energy)  is  in  the  same  form  in  both  halves  of  the  inequality,  then 

+rMi<x{F'\;  -F^), 

where  is  die  •crystalline*  part  of  the  free  energy.  Similarly, 

r|aA;.l>  t- 1 (7?X‘ -/■*,;  +x^F:), 

i.e.,  the  configuration  effect  of  mixing  should  exceed  the  sum  of  four  terms:  1)  the  strain  energy,  2)  the  change 
in  free  energy  due  to  the  change  in  vibration  spectrum  of  the  crystal  lattice,  3)  an  additive  change  in  the  crystal 
part  of  the  free  energy,  and  4)  the  energy  due  to  the  change  in  conformation  of  the  impurity  molecules.  These 
four  factors  determine  the  solubility  conditions. 

Thus  the  following  factors  can  be  obstacles  to  solubility:  1)  an  increase  in  the  high  strain  due  to  the  impos¬ 
sibility  of  placing  the  foreign  molecules  in  the  normal  lattice;  2)  an  increase  in  free  energy  of  the  molecular 
lattice  vibrations  which  can  lead  to  an  increase  in  the  characteristic  temperature  of  the  crystal  if  the  substitution 
of  the  foreign  molecule  leads  to  a  growth  in  the  vibration  frequency  of  the  molecule;  3)  the  crystal  B  (the  dissolved 
substance)  possesses  a  considerably  lower  crystal  part  of  the  free  energy  than  the  crystal  A;  4)  the  energy  AE  due 
to  the  change  in  conforriiation,  which  is  necessary  to  make  the  dissolved  molecule  correspond  geometrically  to 
the  solvent  molecules,  is  very  large. 

As  we  shall  show  below,  the  free  energies  of  organic  crystals  which  do  not  contain  hydrogen  bonds  and 
which  are  made  up  of  molecules  containing  the  same  number  of  atoms  differ  very  little  from  one  another, 
i.e.,  ~  F is  small.  Moreover,  die  parameter  AF^^g  for  weak  solutions  is  negligible  and  in  most 

cases  negative.  Therefore,  if  AUtgns  small,  i.e.,  if  the  substitution  does  not  lead  to  a  large  deviation  from 
the  normal  intermolecular  distances,  then  solubility  is  possible.  Tliese  are  our  basic  conditions  of  solubility 
which  were  put  forward  in  [Ij. 

However,  one  must  take  into  account  the  influence  of  all  diree  factors  to  explain  the  limits  of  solubility. 

The  configuration  entropy  rises  slowly  and  the  inequality  which  is  fulfilled  for  small  concentrations  x  is  trans¬ 
posed  for  large  X  if  the  tension  becomes  large  or  if  die  characteristic  temperature  rises  considerably.  However, 
if  Fg^  <  F^^,  then  it  is  possible  for  the  solubility  limit  to  fall.  In  an  exactly  similar  way  one  can  anticipate 
a  limit  to  the  solubility  when  AE  is  large  for  the  solute. 

Recently,  we  have  only  had  available  a  few  trustworthy  values  of  die  equilibrium  interaction  values  for 
atoms  of  different  sorts.  These  values  differ  by  negligible  amounts,  as  is  shown  by  an  analysis  of  the  heats  of 
sublimation  of  organic  crystals,  and  we  shall  not  discuss  them.  Leaving  tliis  we  return  to  die  question  which  we 
took  for  the  present  investigation,  that  the  energy  effects  of  mixing  can  lead  only  to  an  increase  in  energy 
since  the  presence  of  a  foreign  molecule  in  a  crystal  disturbs  the  equilibrium  distances. 

Factors  which  Determine  Solubility 

1.  Strain  energy.  An  estimate  of  AUjg,^5  can  be  obtained  by  using  the  curve  of  interactions  between 
atoms  not  linked  by  valence  bonds.  We  shall  assume  that  the  foreign  molecule  does  not  distort  the  regularity 
of  the  basic  crystal  lattice.  The  distances  between  some  atoms  of  the  foreign  molecule  and  the  atoms  of  its 
immediate  neighbors  are  changed:  r|  to  rj  +  Ar|,  rj  to  +  Atj,  etc.  From  the  interaction  curve,  we  find 
the  differences  between  U  (tj)  and  U  (r| -t- Ar^,  between  U(r2)  and  U  (r2  +  Atj),  etc.  The  differences  ate 
summed  and  in  this  way  we  obtain  the  contribution  Uj^ol  foreign  molecule  to  the  total  strain  energy. 

In  fact  this  estimate  gives  a  limiting  value  of  because  dispersion  of  die  tension  will  lower  the  energy. 
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By  estimating  U^pQ]  and  neglecting  the  possibility  of  tension  between  two  molecules  which  are  not  nearest 
neighbors,  we  obtain  for  die  strain  energy: 

^^tens  "  ^^mol- 

If  die  limit  of  solubility  is  determined  only  by  AUf^ns*  ®  solubility  greater  than  is  impossible 
when  xUpjQj  >  T  |  AS^- 1 ,  i.e.,  at  room  temperature  T  -  293*  K  wlien  Up,oj  >  3  kcal/mole,  because  for  a 
1%  solution  at  room  temperature  TAS  c-  0.03  kcal/mole.  In  agreement  with  this  the  curve  of  interaction 
between  nunbonded  atoms,  which  we  set  up  (2J  for  hydrocarbons  by  investigating  the  conformational  tension  in 
the  molecule,  gave  two  or  three  short  interatomic  distances  within  20-30*70  of  each  other  which  lead  us  to  the 
same  limit. 

Thus  the  geometric  condition  for  die  solubility  of  large  molecules  in  a  medium  of  small  ones  leads  to  a 
quantitative  expression.  It  has  been  shown  by  us  elsewhere  [3J  that  the  solubility  of  small  molecules  in  a  medium 
of  large  ones  is  in  general  greater  than  in  the  reverse  case.  This  is  quite  natural  if  account  is  taken  of  the 
asymmetry  of  the  interaction.  In  fact,  one  can  get  an  estimate  of  the  "open*  part  of  the  molecular  surface. 
Taking  into  account  our  earlier  paper  [4j  in  which  it  was  shown  that  the  heat  of  sublimation  L  is  proportional 
to  the  surface  area  of  the  molecule  we  can  assume  that  the  lattice  energy  increases  in  proportion  to  this  part 
of  the  surface.  Thus,  if  is  the  surface  of  the  molecule  A  and  intrusion  of  a  molecule  B  "opened*  to  the 
neighboring  molecule  a  surface  Ao,  dien  the  increase  in  energy  will  be  =  Lx  Ao/  a^.  For  example, 

die  solution  of  naphthalene  in  anthracene  is  connected  with  the  exposure  of  six  phenyl  nuclei,  i.e.,  a  surface 
equivalent  to  two  anthracene  mtdecules.  Thus(L  =  20  kcal/mole)  for  1*70  of  impurity  we  have  A  Utens 
w  0.02  L  w  0.4  kcal/mole,  i.e.,  larger  than  the  configuration  energy;  consequently,  solution  is  impossible. 

A  solubility  greater  than  1*70  is  impossible  with  0.01  L  Ao/  a  >  0.03  kcal/mole  (other  factors  being 
excluded).  Since  L  oscillates  between  the  limits  10-30  kcal/mole  for  most  organic  crystals,  the  solubility 
condition  has  the  form  A  o/  Oy^  <  0.2,  i.e.,  small  molecules  going  into  solution  must  not  expose  more  than 
approximately  20*7o  of  the  solvent  molecule  surfaces. 

2.  Difference  in  Free  Energy  of  the  Components.  The  crystalline  part  of  the  free  energy  of  a  molecular 
crystal  can  be  put  in  the  form 

^  ^trans  ^  ^osc* 

where  c  is  the  lattice  energy,  and  F^j^,  are  the  free  energies  of  translational  and  oscillatory  vibration 

of  the  molecule  (all  these  parameters  are  negative). 

Both  the  acoustic  and  optical  energy  of  translational  vibration  can  be  estimated  by  Debye's  formula 

Ftrans  =  “  ^^/e)  -  RT. 

For  each  basic  frequency  of  oscillatory  vibration  there  is  a  contribution  to  the  free  energy  equal  to 

=  //v/2  1  k7'  In  1 1  —  e- 

Thus,  in  this  simplified  model  the  free  energy  of  vibration  is  the  sum  of  the  energy  of  a  point  lattice 
(die  points  are  the  centers  of  gravity  of  the  molecules)  and  of  the  energy  of  oscillatory  vibration  of  the  molecule. 

All  die  parameters  necessary  for  the  calculations  of  F  can  be  found  experimentally.  The  lattice  energy  « 
is  found  from  the  heat  of  sublimation  F^sc  the  infrared  frequencies  (30-130  cm"'  region).  To  calculate 
Ftrans  **  necessary  to  know  the  characteristic  temperature  0  of  the  crystal.  The  parameter  0  for  T  >  0  can 
be  connected  to  the  mean  squared  translational  vibration. 


0 


1 


trans 


The  parameter  is  found  from  the  temperature  factor  of  x-ray  dispersion  in  the  following  way. 

After  constructing  a  series  of  electron  densities,  is  estimated  from  the  form  of  the  peaks.  In  this  way 

u  trans  estimated  for  die  atoms  of  molecules  close  to  die  center  of  gravity  and  consequently  only  translational 
vibration  is  concerned. 
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The  value  of  the  characteristic  temperature  Is  estimated  from  Cruickshank's  formula  [5]  for  benzene, 
naphthalene  and  antliracene.  For  all  three  crystals  the  value  of  0  was  shown  to  be  close  to  90*  K.  Hence,  the 
corresponding  part  of  the  free  energy  at  T  =  300*  K  is  w  -  3  kcal/mole.  It  is  unlikely  that  this  part 

of  the  free  energy  for  crystals  of  the  same  type  (i.e.,  without  hydrogen  bonds,  of  about  the  same  molecular 
weight,  and  without  especially  heavy  atoms)  will  differ  from  this  value  by  more  than  10-20%,  since  it  is  known 
from  x-ray  experiments  that  u*  and  0  for  very  different  organic  crystals  differ  little  from  one  another  (with  a 
relative  value  of  u*  equal  to  V4,  the  corresponding  relative  value  of  0  will  be  0.87,  which  leads  to  an  approxi¬ 
mate  10%  change  in  F^ans^* 

Gross  and  his  co-workers  and  r.iso  some  French  workers  [6]  have  presented  data  on  the  oscillatory  frequency 
in  various  organic  crystals.  Below  are  given  only  those  frequencies  (cm~*)  which  have  been  identified  as  due 
to  oscillations: 


Benzene 

105  and  63 

p-  Dichlorobenzene 

27,  46  and  54 

Diphenyl  ether 

100  and  30 

p-  Dibromobenzene 

20,  38  and  93 

Diphenyl 

88  and  50 

p-  Diiodobenzene 

15,  25  and  93 

Naphthalene 

118,  75  and  50 

m-  Diiodobenzene 

24,  79  and  101 

p-  Diphenyl  benzene 
Anthracene 

85  and  42 
120,  68  and  48 

0-  Diiodobenzene 

23,  74  and  127 

At  a  temperature  of  300*  K  the  contribution  to  the  free  energy  of  a  frequency  of  100  cm"^  equals  0.27 
kcal/mole,  50  cm‘^  equals  0.76  kcal/mole,  and  25  cm"*  equals  120  kcal/mole.  Thus,  in  organic  crystals 
without  heavy  atoms  this  part  of  the  free  energy  lies  within  the  limits  —  1  to  —  2  kcal/mole,  which  in  the 
presence  of  heavy  atoms  is  lowered  to  —  3  or  —  4  kcal/mole. 

The  differences  between  the  lattice  energy  and  the  heat  of  sublimation  L  in  the  cases  which  are  of  interest 
to  us  are  small  and  are  easily  calculated  to  an  accuracy  of  a  few  tenths  of  a  kilocalorie  per  mole.  In  fact, 

~~  ®  I'  ^  (^'tr  ^'vr  ^vib)^  (^ib.  lat  "I"  ^ib.moi)» 


where  A  is  the  work  of  expanding  a  gas  which  is  approximately  equal  to  RT.  The  energies  of  motion  of  gaseous 
molecules  are  w  3RT/2  and  Eyj  w  3RT/2.  It  is  assumed  that  the  energy  of  intramolecular  vibration  changes 
negligibly  and  Eyii,  for  a  molecule  in  a  gas  or  a  crystal  can  be  excluded. 

With  regard  to  the  lattice  vibration  energy,  in  those  cases  which  interest  us  kT  >  hi;  and  we  have 


E 


vib.lat 


=  7V/iv/2  4  ZRT, 


where  hi;  is  the  mean  zero  point  energy.  Since  lattice  vibration  occurs  at  a  limiting  frequency  of  about 
100  cm"*  which  corresponds  to  an  effective  temperature  of  the  order  of  100*  K,  then  the  first  term  will  equal 
0.1  to  0.2  RT,i.e.,  it  will  not  exceed  0.1  kcal/mole. 

After  simplification,  we  obtain 


RT, 

i.e.,  at  room  temperature  the  lattice  energy  is  less  than  the  heat  of  sublimation  by  0.6  kcal/mole.  The  precision 
of  similar  estimates  of  c  in  organic  compounds  at  300-400*  KisnotlowerthanO.2-0.3  kcal/mole,  i.e.,  it 
corresponds  to  the  precision  of  the  measurements.  Below  are  cited  the  heats  of  sublimation  of  some  organic 
crystals  (in  kcal/mole) ; 


Benzene 

9.2 

Tolane 

21.2 

Naphthalene 

15.9 

Stilbene 

21.7 

Dibenzyl 

17.5 

Anthracene 

22.3 

Phenanthrene 

20.1 
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In  such  crystals  as  antliracene  or  stilbene  the  contribution  of  the  vibrational  energy  of  the  molecule  Is  not  large 
(about  1.5  Real /mole),  and  the  whole  crystalline  part  of  the  free  energy  approaches  20  kcal/mole. 

Now  we  can  confirm  the  estimate  of  the  parameter  x  (Fj—  F2)  carried  out  above.  Tlie  free  energies  of 
crystals  constructed  from  organic  molecules  of  similar  shape  do  not  differ  by  more  than  4-5  kcal/mole. 
Corresponding  to  this  die  value  of  x  (Fj—  F2)  for  a  solution  will  be  of  the  order  of  0.01  kcal/mole  and  in 
any  case  will  be  less  than  O.l  kcal/mole. 

3.  Clianges  in  the  Vibrational  Spectra  of  Crystals.  The  introduction  of  impurity  molecules  changes  the 
vibrational  spectrum  of  a  crystal.  These  changes  have  been  discussed  dieoretically  by  Lifshits  and  his  co¬ 
workers  [7J.  In  particular,  at  low  concentrations,  it  is  possible  for  small  local  vibrations  to  arise,  which  are  not 
spread  through  the  whole  crystal.  However,  in  the  case  of  molecules  which  are  similar  in  mass,  its  value  is  not 
large  and  die  change  in  the  mean  square  of  the  atomic  motion  u  *  (measured  directly  by  x-ray  diffraction)  can 
be  taken  as  a  measure  of  AFyj|^.  This  method  is  widely  used  for  metallic  alloys.  Only  further  investigation 
can  show  to  what  extent  it  can  be  applied  successfully  to  molecular  crystals.  We  believe  diat  by  this  method 
the  correct  order  of  parameters  can  be  obtained. 

Let  us  assume  that 


then  using  the  Debye  approximation,  we  get 


A  a: 


vib 


=  4-«nn 


Here  it  is  supposed  dtat  the  introduction  of  a  foreign  molecule  principally  affects  the  translational  vibrations. 
The  ratio  of  11  to  is  close  to  one,  and  for  our  rough  estimate  the  ratio  tij/u*  may  be  substituted 

for  the  ratio  of  die  heat  factors  of  x-ray  dispersion  shown,  if  this  does  not  introduce  complications. 

In  forming  a  solid  solution  the  lattice  is  distorted.  In  x-ray  experiments  the  values  of  u*  = 
are  measured.  At  the  same  time  the  change  in  AFyjj,  defines  only  ufjeat*  Thus,  for  the  heat  dispersion  factor 
it  is  necessary  to  take  measurements  at  least  two  temperatures  in  order  to  separate  ufieat.  Thus, 


A/'v.b 


where  w^  is  die  mean  square  of  the  heat  of  translational  vibration  in  the  molecules. 

Guided  by  some  indirect  considerations,  it  can  be  assumed  that  on  increasing  u  ^  die  larger  part  of  the 
change  would  be  transferred  to  the  disturbance  of  the  lattice  and  only  10-30%  of  the  change  would  occur  as  a 
result  of  the  increased  intensity  of  thermal  vibration.  However,  cases  are  met  in  which  u*  falls  instead  of  rising. 
Such  a  change  in  Ti^  has  been  detected  by  us  when  p-dibromobenzene  or  p- dichlorobenzene  is  dissolved  in  p- 
diiodobenzene.  The  assumption  diat  die  introduction  of  impurity  molecules  into  a  crystal  improves  its  lattice 
seems  absurd  to  us.  In  cases  of  decreasing  u^  the  intensity  of  diermal  vibration  is  also  decreased  (the  spectra 
are  displaced  to  larger  frequencies)  which  can  lead  to  die  limit  of  solubility. 

In  the  absence  of  other  factors  it  is  necessary  diat  AFyj|^  >  0.035  kcal/mole,  i.e..  In  w*  /  w*  should 
be  »  0.017,  i.e.,  u^  .should  fall  by  about  4%  in  order  that  the  limit  of  solubility  should  occur  at  a  1%  solution. 

4.  Conformational  change.  The  energies  of  different  conformations  of  molecules  have  been  calculated 
in  many  papers.  Thus,  for  example  the  difference  in  energy  of  the  boat-and- chair- conformations  of  cyclohexane 
has  been  estimated  as  about  10  kcal/mole,  and  the  difference  in  energy  of  the  trans-  and  the  unstable  cis- 
conformations  of  ethane  is  also  some  kilocalories  per  mole. 

Tlius,  the  introduction  of  a  foreign  molecule  into  a  crystal,  leading  to  a  change  in  the  conformation  of 
the  former  is  not  an  absolute  obstacle  to  solubility,  since  die  order  of  the  parameter  0.01  AE  is  a  gain  in 
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configurational  energy  (0.035  kcal/mole  in  a  1%  solution)  which  is  essentially  a  value  of  the  first  order. 

In  the  formation  of  solid  solutions,  it  is  frequently  possible  to  change  the  conformation  which  is  linked 
with  the  disturbance  of  the  planarity  of  aromatic  systems,  for  example  rotation  of  the  benzene  ring  around  a 
C- phenyl  bond.  The  loss  in  resonance  energy  in  these  cases  is  in  large  measure  compensated  for  by  the  decrease 
in  Intramolecular  steric  strain.  It  seems  to  us,  however,  that  the  theoretical  calculations  relatively  overstated 
the  value  of  the  resonance  energy.  In  any  case,  the  parameter  AE,  which  is  of  the  order  of  several  kilocalories, 
cannot  prevent  the  latter  from  changing  its  configuration  and  going  into  solid  solution. 


Conditions  of  Equilib rium  for  the  Two  Solid  Solutions 

If  the  comp>onents  form  a  system  with  limited  solubility,  then  at  the  lower  eutectic  or  peritectic  tem¬ 
perature  we  find  two  crystals  of  equal  composition  which  are  in  equilibrium.  We  shall  draw  up  the  equilibrium 
conditions  for  these  two  mixed  crystals  at  set  external  conditions  of  p  and  T.  We  shall  call  the  free  energies 
of  the  crystal  components  and  F5.  It  may  be  assumed  that  the  change  in  free  energy  for  the  substitution  of 
a  molecule  B  for  a  molecule  of  A  and  the  reverse  will  be  relatively  small  (of  the  order  of  a  few  percent  of  F). 
We  shall  therefore  write  down  the  first  phase  (with  the  crystal  structure  of  A) 


-  (rtA  4  nn)/^A  1  <P(«b)  +  In  ^ In 

V  A  11  nj^  4-  Hj, 

and  for  a  crystal  of  the  second  phase 

y,  n)F  I  ■if(n\)  +  kr  ("'a  I"  ^  7 

\  ^A  +  "n  "a  i  "h 


Here  n^^,  rig,  n'^^  and  n*g  are  tlie  variable  numbers  of  moles  of  the  components,  and  (/>  (ng)  and  ^  (n*y^)  are 
the  changes  in  crystal  free  energies  on  substitution  (allowing  it  to  be  written  in  a  form  which  is  obviously  that 
of  a  free  energy  of  mixing). 

The  equilibrium  conditions  have  tire  form; 


(  — -  "1  =  1 

1  'nj,  =rron3t  \ 

j 

'  n  p-=:;C(ins( 

(  —  ) 

\ 

\  /np=con.3l. 

V 

i.e.. 


1  RT  In  (1  -  .r)  -f  RT  In  (1  —  r'), 

4-  -p—  f  RT \x\x=  F,^  I-  R7'  In  r'. 

A  '  ll 

Here,  x -=  — , - ,  1  —  x - - (and  similarly  for  x*):  x  and  x*  are  the  concentrations  of 

"A+«n  "A+^n  ^ 

molecules  of  B  in  the  equilibrium  mixed  crystals  (x—  concentration  of  molecules  of  B  in  crystals  of  A,  x*  - 
concentration  of  molecules  of  B  in  crystals  of  B,  therefore  x  <  x*). 

Calling  —  F ^  =  AF,  we  can  write  the  equilibrium  conditions  in  dre  following  form; 
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Thus,  the  equilibrium  concentration  allows  some  tliermodynamic  functions  which  characterize  the 
mixture  to  be  found.  Because  — ;  <  i  the  following  inequalities  are  always  correct 

A/-.,  a,.d  A/-  I- 

It  <h, 

In  further  discussion,  we  shall  take  the  equations  we  used  in  discussing  solubility, and  we  shall  use  them  for 
the  changes  in  free  energy,  ip  and  ip  which  occur  on  substitution.  These  equations  are: 

T(n|j)  Af/n  1  rtn  AA.n  -f- AA  »  , 

vib 

-  A/'^  1  1  AA’a  • 

It  is  true  the  strain  energy  is  additive  for  many  mixed  crystals,  and  in  any  case  for  small  concentrations,  i.e., 

Af^  —  nA^^moI. 

In  these  cases  the  values  which  interest  us  are  basically  tlie  simple  limits  of  solubility  which  are  expressed 
by  the  equations; 

yf/’ln  ^  A/' -1  A^,  1  A /'A  1 

A 

IfTl  ^  A/’  Af  A/- 

/f/  III  ,  —  A/'  AA„  A/'.n - , - . 


Using  these  last  equations,  we  shall  proceed  to  analyze  some  concrete  examples. 
Analysis  of  the  Solubility  in  Systems  Studied  Experimentally 


Tile  investigation  o  f  the  structure  of  solid  solutions,  witliout  which  it  is  impossible  to  analyze  tlie  con¬ 
ditions  of  solubility,  were  begun  some  years  ago  in  our  laboratory.  Until  this  investigation  was  started  no 
studies  of  solid  solutions  of  organic  substances  Irad  been  carried  out;  the  examples  given  below  include  all  the 
data  of  this  type. 

Tlie  system  stilbene—  dibenzyl  was  studied  by  N.Ya.  Kolosov,  acridine  —  anthracene  and  fl-chloro- 
naphtlialene  -  naphtlialene  by  R.  M.  Myasnikov,  antliracene  -  phenandirene  by  V.  M.  Kozhin,  and  p-dibromo- 
benzene-p-diiodobenzene  by  Liang  Tung-ch’a.  We  shall  illustrate  the  suggested  method  of  analysis  in  the  two 
simplest  examples. 

System  stilbene  —  dibenzyl  [8J.  In  agreement  witli  the  geometric  analysis,  the  substitution  of  a  molecule 
in  tliis  system  was  not  connected  with  noticeable  increase  in  strain.  Nor  did  we  find  a  change  in  u*  which  re¬ 
tained  its  value  for  the  dibenzyl  and  stilbene  phases  at  all  concentrations.  Tlierefore,  we  assume  that  the  para¬ 
meters  AU,j.jj5  and  can  be  neglected  for  botli  phases. 

()n  Ixiing  introduced  into  a  crystal  of  stilbene  a  molecule  of  dibenzyl  retains  its  trans- configuration  and 
tlie  energy  of  conformation  d(x:s  not  change.  Consequently,  AE  =  0  for  tlie  stilbene  phase.  The  case  is  some¬ 
what  different  for  the  dibenzyl  pliase.  On  being  introduced  into  tlie  dibenzyl  lattice  the  stilbene  molecule 
loses  its  planarity.  The  rotation  of  the  rings  is  connected  with  a  somewhat  increased  energy,  AE. 

Thus,  tlie  conditions  of  solubility  acquire  tlie  form  (x—  .stilbene  content): 

stilbene  phase  (  TAS  |  >  (1  —  •»')(^"st  —  ^'dib^’ 
dibenzyl  phase  |  I'AS  \  >  x  -  ^st  ^  I  A/'.’). 
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From  the  conditions  of  stability  of  the  stilbene  pliase  it  follows  that  -  Fdib)  cannot  be  greater  titan 
0.83  Real/ mole  because  the  composition  x  =  0.5  at  which  the  configuration  energy  has  its  greatest  value  (0.415 
kcal/mole  at  room  temperature)  belongs  to  the  stilbene  phase. 

At  X  =  0.1  the  dibenzyl  phase  is  still  important.  From  the  conditions  for  the  stability  of  the  dibenzyl  phase 
it  also  follows  that  0,22  >  0.1  (A/:  —  (/’st  —  ^dib^l-  exceeds  the  difference  (Fjt  -  by  not 

more  than  2.2  kcal/mole. 

Let  us  now  discuss  tire  investigations  which  lead  to  the  equilibrium  conditions  for  the  two  phases.  Using 
our  simplified  expressions,  we  obtain: 

nr  In  -  Af’and/f7’  In  ^  A/’  —  A/s, 

1  —  X  X 

wliere  AF  =Fjj  —  and  x  and  x*  are  the  quantities  of  stilbene  in  tlie  dibenzyl  stilbene  phases. 

At  T  =  325*  equilibrium  occurs  at  x  =  0.1  and  x*  =  0.3,  and  at  T  =  295*  at  x  =  0.1  and  x*  =  0.5.  We  find 
for  AF  and  AE  0.16  and  0.88  and  0.35,  1.3  kcal/mole,  respectively.  Thus,  Fjj  is  not  much  bigger  than  F^ib* 
and  the  energy  due  to  die  change  of  conformation  of  stilbene  is  close  to  1  kcal/mole  which  is  given  in  the 
theoretical  paper  by  Adrian  (we  assume  diat  the  energy  curve  used  by  tliis  author  is  strongly  overstated).  The 
conclusions  from  the  conditions  of  solubility  are  in  agreement  witli  the  conclusions  from  the  equilibrium  con¬ 
ditions. 

System  acridine- anthracene.  The  phase  diagram  for  tliis  system  and  the  curve  of  the  cell  volume  change 
has  been  established  by  Myasnikova  [9].  Substitution  of  anthracene  by  acridine  takes  place  without  strain;  on 
tlic  other  hand,  as  has  been  shown  by  geometric  analysis,  substitution  in  die  acridine  crystal  proceeds  with  the 
rapid  accumulation  of  strain  which  leads  to  a  solubility  limit  at  x  6%  anthracene. 

It  is  interesting  that  the  values  of  u*  for  die  anthracene  and  acridine  phases  remain  practically  unchanged; 
consequently  AF'^^^  =  0.  Neither  molecule  loses  its  conformation,  soAE=0.  Thus,  the  conditions  of  solubility 
acquire  die  form: 

acridine  phase  T ^S  >  A7’  tens  (  ^(^acr  —  ^'aiith)’ 
anthracene  phase  7’AiV'  >  (1  —  ■^)(^aiith  —  ^'acr^‘ 

At  equilibrium  solutions  are  found  which  contain  x  =  0.06  and  x*  =0.3  for  andiracene  (x  =  content  in  the 
acridine  phase). 

Consequently: 

nr  In  =  Af’and  Hr  In  ^  A/'  —  ^U , 

from  which  AF  =0.2  kcal/mole  and  AU  =  1,8  kcal/mole. 

Thus,  F^th  much  greater  than  F^er-  Again  we  see  that  these  conditions  are  in  agreement  widi 

the  conclusions  from  the  conditions  of  solubility. 

The  value  of  AU  can  be  independently  estimated  from  geometric  analysis  of  the  substitution,  if  only 
the  curve  for  die  interaction  of  nonbonded  atoms  is  known.  On  introducing  anthracene  molecules  into  an 
acridine  crystal  the  principal  change  is  a  shortening  of  the  distances  by  about  0.6  A  from  the  normal.  Using 
the  interaction  curve  mentioned  above,  we  find  that  U^j^qj  equals  1.0  kcal/mole.  Taking  into  account  the 
approximations  in  the  theory  and  particularly  in  the  interaction  curve  die  agreement  should  be  considered 
satisfactory. 
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An  x-ray  structural  investigation  of  KjfRuCljHjOj  has  been  carried  out  which  was  of  interest 
because  of  the  absence  of  published  structural  data  for  compounds  of  trivalent  riitlienium.  The 
distances  found  were:  Ru^“-Cl  2.33  ±  0.02,  Ru  —  OHj  2.12  ±  0.05  A.  In  complexes  of  Ru*^* 
and  Ru*'^  (including  a  number  of  nitroso- compounds)  the  Ru-Cl  distances  are  die  same  and 
do  not  depend  on  the  valence  state  of  the  metal. 

The  value  2.12  A  for  the  Ru-OHj  distance  agrees  with  the  postulate  discussed  earlier 
about  the  regular  increase  in  the  M  —  O  distance  on  changing  from  O  to  OH  and  HjO  for  osmium 
and  ruthenium  compounds. 

By  scanning  the  literature  data  on  complex  compounds  of  ruthenium  and  osmium  and  comparing  these 
facts  with  structural  data  obtained  in  the  crystal  chemistry  laboratory  of  the  Institute  ol  General  and  Inorganic 
Chemistry,  Academy  of  Sciences,  USSR,  an  assumption  was  stated  about  important  definite  regularities  in  a 
series  of  oxygen-  and  nitrogen- containing  compounds  [Ij.  In  particular,  it  was  shown  that  the  M-O  distance 
increased  regularly  in  the  series  M  — O  <M  — OH<  M  — OHj.  For  ruthenium  compounds  this  series  is  incom¬ 
plete:  there  are  structural  data  only  for  Ru  — CXI  and  Ru  — O  distances  (Table  3).  The  structural  investigation 
of  potassium  aquopentachlororuthenate  was  intended  to  determine  the  Ru-OHj  distance  and  to  test  the  truth  of 
the  rule  for  ruthenium  compounds  discussed  above. 

In  the  second  place,  we  were  concerned  with  the  determination  of  the  Ru-Cl  distance  for  a  complex  com¬ 
pound  of  trivalent  ruthenium,  because  all  the  known  structural  data  are  either  for  chloro- complexes  of  tetravalent 
ruthenium  or  nitroso- compounds  (Table  3).  By  structural  analysis  of  K2[RuNOCl{J[  2]  it  was  established  that  it  was 
isomorphous  with  the  aquocomplexes  of  the  type  mJ  [M^^^Cl^HjOj  (where  =Fe,  In).  Thus,  it  would  be 
expected  that  K][RuCl^|0]  would  belong  to  this  structural  type  (a  rhombic  deformation  of  the  K2PtCl€  type). 
Therefore,  a  model  of  die  structure  of  K2[RuN(X:i5J  was  taken  as  the  basis  for  this  investigation.  For  both 
structures,  the  same  method  of  improving  coordinates,  locating  the  electron  density  maxima  and  estimating 
the  real  error  of  the  coordinates  found,  was  used. 

The  experimental  materials  were  photographs  of  ho  f  and  hi  Z  taken  with  a  KF OR  camera  (Mo-K  ^ 
radiation).  94  Reflections  of  hOZ  type  and  97  of  hlZ  were  used.  Tlie  ratio  F^^j^  ‘^^rnin  equal  respectively 
to  538  :1  and  2130:1.  Intensities  were  estimated  visually,  taking  into  account  the  Lorents  factor  and  the  polariza¬ 
tion.  A  survey  about  other  crystallographic  directions  was  difficult  because  of  the  insufficiently  high  quality  of 
the  crystals.  The  basic  structural  parameters  are  as  follows:  space  group  —Pnina;  a  =  13.53  ±  0.05; 
b  =  9.55  ±  0.05,  c  =6.96  ±  0.03  A;  N  =  4;  =  2.76  g/cm*.  The  parameters  a  and  c  were  determined 

in  the  KFOR  camera  with  NaCl  as  standards. 


a 
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The  atoms  Ru,  Cl|,  Clj,  and  CI3  and  the  molecule  HjO  are  situated  on  a  plane  of  minor  symmetry  at 
heights  of  y  =  V4  and  y  =  V4  [position  4  (c)J;  the  CI4  atoms  (the  fifth  and  sixth  vertices  of  the  ruthenium 
coordination  octahedron)  and  the  ions  ate  found  in  the  general  positions  8(d).  Therefore,  for  our  purposes 
(i.e.,  the  estimation  of  Ru-CXl|  and  Ru-Cl  distances)  it  is  quite  sufficient  to  determine  the  x  and  z  co¬ 
ordinates  only,  using  the  ho Z  and  hi  Z  reflections.  The  coordinates  y^j^  and  yj^,  which  are  not  of  the  ut¬ 
most  importance,  were  not  found  exactly  because  of  the  difficulty  of  obtaining  the  corresponding  experimental 
data.  The  and  z^  coordinates  were  found  more  precisely  by  the  metliod  of  weighted  projections  of  the 
electron  density.  As  was  shown  in  the  analysis  of  the  KjfRuNCX^l^  structure  [2J,  this  method  is  very  satis¬ 
factory  for  the  given  structural  type:  the  distribution 

Oofrr)  (  Oi  (x?)  X|,whereKi=  /  (^iO. 

which  appears  to  be  superimposed  in  the  sections  y  =  V4  and  y  =  0  makes  it  possible  to  separate  the  atoms  of 
a  single  complex.  Two  cycles  of  successive  approximation  were  carried  out  for  Oj  and  0|  (x,  z).  To 
determine  tlie  sign  of  the  structure  amplitudes,  F  (hOZ  )  and  F  flilZ  ),  in  the  construction  of  the  projection  of 
the  first  approximation,  the  coordinates  of  the  atoms  in  the  K2[RuNC)Cl5J  structure  were  used.  In  Figs.  1  and  2 
are  presented  the  distributions  Og  (x,  z)  and  aj(x,  z)  for  the  second  approximation. 
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In  Table  1  the  values  QiO/  )  and  (hll  )  are  compared  after  converting  to  an  absolute 

scale.  The  temperature  correction  constant  B  =  4.3  The  coordinates  were  found  from  the  distribution 
0|  (x,  z)  and  0|  (x,  z)/k|:  the  final  values  are  given  in  Table  2. 

TABLE  1 


Measured  and  Calculated  Structure  Amplitudes  for  hOZ 


hO/ 

‘meas 

P 

calc 

hOl 

^meas 

^calc 

/i0( 

^meas 

P 

calc 

4(K) 

.30,0 

—41 ,0 

17,02 

5,0 

4,0 

505 

21,7 

-20,2 

6(N> 

9,2 

—8,0 

103 

20,4 

—22,3 

805 

7,8 

-12,5 

800 

45,9 

.39,0 

203 

32.0 

29,1 

905 

12,0 

12,0 

10(H) 

!(>,(> 

14,2 

.503 

26,5 

29,2 

1105 

3,6 

3,4 

14«N) 

7,5 

—4,8 

003 

7,0 

—8.8 

1205 

4,9 

6,2 

18(H) 

5,5 

4,1 

703 

5,0 

8,0 

1305 

5,1 

—5.4 

2(HH) 

4,5 

3,4 

803 

6,5 

—6,7 

1.505 

6,8 

-4,7 

101 

4,2 

3,7 

1K)3 

20,9 

—22,9 

(H)6 

11,1 

1.5,0 

201 

33,2 

-33,3 

1003 

3,4 

6,1 

100 

6,7 

—0,6 

;k)1 

7,2 

—0,4 

1103 

9,3 

—13,2 

206 

5,9 

5,3 

401 

34,2 

—35,0 

1303 

12,4 

10,6 

306 

6,6 

—7,0 

501 

14,1 

-10,0 

1.503 

5,1 

4.2 

400 

18,2 

—  17,2 

HOI 

25,5 

24,2 

1703 

5,9 

—5,0 

700 

15,9 

13,7 

701 

18,5 

—  19,9 

1903 

5,9 

-2,7 

806 

7,1 

0.9 

801 

34,8 

31,9 

0(H)4 

14,3 

—  10,3 

1006 

2,6 

1 ,6 

Wl 

12,8 

9,6 

104 

41,1 

30,8 

1106 

5,1 

—5,1 

1(K)1 

7,8 

—8,9 

204 

19,9 

17,4 

1306 

5,7 

-4.3 

1201 

20,8 

—22,2 

304 

35,1 

26,0 

107 

6,6 

—7,0 

1301 

10,7 

—11,7 

404 

4,3 

6,3 

207 

10,9 

—  12,5 

1001 

10,6 

10,0 

504 

6,2 

—9,4 

.307 

7.4 

11,2 

(H)2 

21,9 

—25,2 

704 

26,0 

—21,7 

507 

5,1 

4,4 

102 

24.9 

-24,6 

804 

2.7 

—3.8 

607 

7,1 

7,8 

302 

59,9 

—56.0 

1(H)4 

9,7 

9,9 

807 

5,4 

6.3 

402 

47,2 

52.5 

1104 

12,7 

12,0 

1207 

5,8 

— 4,6 

502 

30,2 

37,2 

1304 

4,5 

3,6 

808 

7,6 

—9,2 

002 

20,0 

20,6 

1404 

3,3 

-1.8 

108 

4,0 

—5,3 

702 

14.1 

14,2 

1504 

4.0 

—2,1 

408 

7,2 

6,0 

802 

8,8 

—9,4 

1704 

6,0 

—8,5 

608 

4.4 

3,9 

1(H)2 

6,8 

—6,2 

105 

20,2 

20,3 

1008 

7,9 

—6,8 

1102 

9,1 

—0,1 

305 

6,9 

—8,9 

209 

6.4 

7,4 

1202 

6,3 

4,2 

405 

3,0 

6,7 

609 

6,2 

—5,5 

1402 

7,7 

8,8 

The  precision  in  localizing  the  maxima  is:  Ru  0.003;  K  0.014;  Cl  0.010;  O  0.020  A.  The  error 
factor  R  (hO/  )  equals  0.14  (without  including  the  zero  reflections).  The  true  errors  in  die  coordinates  deter¬ 
mined  e  (-r)nii  ■■  R  (-^^K  =  0,010,  e  (t)^,  =  0,014,  e  0,039  A. 


TABLE  2 

Coordinates  of  the  Atoms 


Atom 

Position 

*  w 

Z 

Atom 

Position 

X 

V 

Z 

llu 

4  (c) 

0,108  0,2.50 

0,189 

H,0 

4  (c) 

—0,022 

0,2.50 

0,019 

Cl, 

4  (c) 

0,002  0,2.50 

0,454 

K 

8  (d) 

0,148 

~0 

0,046 

Cl, 

4  (c) 

0,245  0,250 

0,:i8(i 

Cl, 

8  {d) 

0,108 

~0 

0,189 

Cl, 

4  (c) 

0,212  0,250 

-0,077 
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The  interatomic  distances  in  the  square  section  of  the  complex  have  die  following  values  (A): 


Mu  — Cl,  2.34.  Ru  — Cls2.33. 

Rii  —  Cla  2.31.  Ru  —  Oil,  2.12. 

Thus,  the  mean  value  of  the  Ru***-Cl  distance,  2.33  A  (real  error  0.02  A), coincides  within  the  limits 
of  experimental  error  with  the  Ru-Cl  distances  in  other  ruthenium  compounds  recently  studied  (Table  3)  and 
it  is  evident  tliat  it  does  not  depend  on  the  valence  state  of  the  metal.  The  maximum  divergence  (2.29  A  in 
KjRuClf)  coincides  with  the  least  exactly  determined  coordinate:  the  authors  [3J  got  an  error  of  0.04  A  for  this 
distance. 


TABLE  3 


The  Structures  of  Ru  Complex  Containing  Cl  and  O 


Compound 

Distance,  A 

Reference 

Ru-CI 

Ru-O 

KaRuCl, 

2,29 

13) 

K4  (RuClioO)  HaO 

2,34 

1,80  (0) 

KRuOi 

— 

1.79  (0) 

|3) 

(NII«)2  (Ru  (NO)  (Oil)  CI4I 

2,. 35 

2,03  (OH) 

(R.i  (NO)  (Oil)  (Nll3)4l  Cla 

— 

1,98  (OH) 

|71 

Ka  (RiiNOCU) 

2,35 

— 

|2| 

Ka  (RUCI5II2OI 

2,. 33 

2.12  (OH,) 

The  Ru-tXl2  distance  (2.12  ±  0.05  A)  is  of  the  same  order  as  the  OS-OH2  distance  [1].  It  is  now  possible 
to  follow  the  change  in  the  Ru-O  distance  in  oxygen- containing  complexes  of  ruthenium  for  the  series  O— OH~OH 
It  can  be  seen  from  Table  3  tliat  this  parameter  increases  regularly  from  1.8  A  in  the  KRuQi  structure  and  in 
bridging  oxygen  to  a  maximum  value  of  2.12  A  in  K2[RuCl5H20j.  A  complete  analogy  is  observed  between  the 
compounds  of  ruthenium  and  osmium. 

Tlie  autltor  extends  her  sincere  tlianks  to  Professor  G.  B.  Bokii  for  advice  in  the  work  and  in  the  inter¬ 
pretation  of  results  and  to  N.  A.  Ezerskii  for  giving  us  the  potassium  aquopentachlororuthenate. 
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A  partial  structural  investigation  of  ZnPy2Cl2  and  the  isostructural  CoPy2Br2  has  been 
carried  out.  The  angle  CI| -Zn-Clj|  is  126*.  The  angles  N-Zn- Cl  j  and  N-Zn  — Cljj 
are  100-110*.  Tlie  compound  is  molecular  (monomeric);  the  complexeshave  a  tetrahedral 
structure. 

The  violet  a  and  blue  6  forms  of  the  compounds  C0A2X2  are  polycoordination  isomers; 
the  a  forms  are  polymers  with  octahedral  coordination  about  Co;  the  0  forms  are  monomers 
with  tetrahedral  coordination. 

The  transition  metals  of  the  fourth  period  form  a  large  group  of  compounds  with  the  composition  M 
A|X2,  where  M^^  Mn,  Fe,  Co.Ni.Cu.Zii;  X  =  monovalent  acid  residue;  A  =H20,  NH3,  Py  and  other  organic 
ligands. 

It  is  particularly  interesting  that  the  cobalt  compounds  witli  this  composition  occur  in  two  isomeric  series 
which  differ  both  in  the  color  of  the  crystals  and  in  the  chemical  properties;  the  a  series  have  reddish  violet 
crystals  and  the  0  series  blue  ones.  The  most  characteristic  members  of  these  series  are  the  violet  and  blue 
crystals  of  CoPy2Cl2.  The  problem  of  the  structures  of  these  isomers  has  several  times  attracted  the  attention 
of  investigators. 

Use  of  Werner's  coordination  theory  led  Biltz  and  Fektenheuer[lJ  and  Hantzsch  [2J  to  the  conclusion  tliat 
the  a  and  0  forms  were  geometric  isomers,  i.e.,  trans-  and  cis- isomers.  Cox  and  his  co-workers  [3j 
supported  this  idea.  They  carried  out  the  first  crystallographic  and  x-ray  measurements  of  both  CoPy2Cl2 
modifications.  From  the  small  value  of  the  period  c  in  a  -CoPy2Cl2  crystals  they  attributed  a  trans  square 
planar  structure  to  this  complex.  Correspondingly  a  cis- structure  was  attributed  to  tlie  blue  form.  In  this  work 
it  was  also  shown  that  0-CoPy2Cl2  is  isomorphous  with  CoPy2Br2  and  CoPy2l2.  Cox’s  suggestion  of  a  square 
structure  for  CoPy2Cl2  was  refuted  by  Mellor  and  Coryell  [4j  on  the  basis  of  the  magnetic  moments  of  these 
compounds.  Mellor  and  Coryell  were  led  to  the  conclusion  that  a-CoPy2Cl2  has  a  chain  structure  with 
octahedral  coordination  around  Co,  and  tliat  the  blue  0-form  has  a  tetrahedral  structure. 

The  stereochemical  conclusions  of  Mellor  and  Coryell  concerning  the  isomeric  dichlorodipyridinocobalts 
were  further  directly  supported  by  the  structural  investigations  of  Vainshtein  [5j  [Co  (H20)2Cl2  with  octahedral 
coordination],  Malinovskii  [6]  [Co  (p-CH8CjH4NH2)2Cl2  and  Co (p-CHsC8H4NH2)2l2  with  tetraliedtal  coordina¬ 
tion]  and  finally  by  structural  investigations  of  the  crystals  of  a-CoPy2Cl2  itself  in  papers  by  Porai- Koshits  and 
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Tishchenko  [7],  Dunitz  [8j  and  Ferroni  and  Bondi  [9J  who  independently  showed  that  a-CoPy^Clj  has  a  chain 
structure  with  octahedral  coordination  around  Co.*  However,  the  final  solution  of  tlte  problem  of  the  nature 
of  the  a  and  6  isomers  of  CoPyjClj  undoubtedly  requites  that  structural  data  on  the  second,  6  form  of  this 
compound  be  obtained.  It  is  true  that  the  instability  of  &  -CoPy2Cl2  prevents  one  from  obtaining  experimental 
x-ray  data  directly  from  samples  of  this  compound.  But  it  has  been  established  convincingly  that  this  compound 
is  isostructural  with  CoPy2Br2  and  the  latter  (as  tlie  result  of  our  investigations)  with  ZnPyjClj.  This  makes  it 
possible  to  use  these  compounds  as  models  for  determining  tlie  structure  of  B -dichlorodipyridinocobalt. 


Fig.  1.  Crystal  habit  of 
CoPyjBrj  and  ZnPy2Cl2. 


b 

Fig.  2.  Patterson  Projection  P  (uv).  a)  CoPy|Br|, 
b)  ZnPyjClj. 


The  discovery  by  Cox  that  6-CoPy2Cl2  and  CoPy2Bt2  are  isostructural  was  confirmed  by  comparing  Debye 
photographs  of  these  compounds.  The  isostructural  nature  of  CoPy2Br2  and  ZnPy2Cl2  followed  directly  from  the 
equality  of  their  crystallographic  characteristics  and  lattice  parameters.  The  crystals  of  CoPy2Br2  and  ZnPy2Cl2 
have  almost  identical  habits  (Fig.  l).  Goniometric  measurements  showed  that  the  crystals  belonged  to  the  mono¬ 
clinic-prismatic  symmetry  form.  The  lattice  parameters  were  determined  from  three  oscillating  x-ray  photo¬ 
graphs  ; 


TABLE  1 


a 

b 

c 

P 

Space 

group 

‘^meas 

z 

Col’yzBrj 

8,40 

18,0 

8,52 

iori5' 

P2i;c 

1,87 

4 

/nPyjClj 

8,44 

17,5 

8,25 

102“ 

1*2.  \.c 

1,<)4 

4 

•  Our  Debye  photographs  showed  that  a-CoPy2Cl2  and  NiPy2Cl2  are  isostructural. 
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The  experimental  data  used  for  tlie  structural  determination  (projection  metliod)  were  obtained  from 
x-ray  photographs  taken  in  die  KFOR  camera  using  MoK  a-radiation.  The  intensities  were  estimated  visually 
according  to  die  degree  of  blackening.  In  calculating  the  structural  factors  the  polarization  and  Lorents  factors 
were  taken  into  account.  The  basis  for  the  structure  solution  was  the  comparison  of  Patterson  projections  of  the 
compounds  under  discussion  (Figs.  2  and  3).  In  the  CoPy2Br2  projection  the  strongest  maximum  should  corre  - 
spond  to  die  Br  — Br  vector  and  in  the  ZnPy2Cl2  projection  to  die  Zn  — Zn  vector.  Comparing  the  P  (uv)  pro¬ 
jections  it  is  not  difficult  to  see  diat  in  die  Co-compound  the  strongest  maxima  are  at  (0.40;  0.15),  (0.35;  0.33) 
and  (0;  0.49)  whereas  in  die  Zn-compound  the  strongest  maximum  is  at  (0;  0.27).  The  maxima  at  u  =  0 
evidently  correspond  to  vectors  of  the  first  degree  with  components  0,  -  2y:  the  first  of  these  (u  =0,  v  = 

=  0.48)  overlies  a  Br  — Br  vector,  while  the  second  (u  =  0,  v  =0.27)  overlies  the  Zn  — Zn  vector. 


Fig.  3.  Patterson  Projection  P  (uv):  a)  CoPy2Br2;  b) 

ZnPy2Cl2. 

Similarly  by  a  comparison  of  3a  and  3b,  it  follows  that  in  the  be  projection  the  Br  — Br  vector  corresponds 
to  maxima  at  (0.19;  0.32)  and  (0.35;  0.18)  which  are  the  strongest  in  the  Co-compound,  while  the  vector 
Zn  — Zn  corresponds  to  the  maximum  at  (0.27;  0.5)  which  is  the  strongest  in  the  Zn-compound. 

Although  these  comparisons  are  far  from  exhausting  all  the  Zn-Zn  and,  especially,  the  Br  — Br  vectors  they 
do  provide  a  starting  point  for  the  furdier  analysis  of  the  projection  of  interatomic  functions  by  algebraic 
correlation  between  the  components  of  first  and  second  order  vectors.  This  part  of  die  investigation  was  carried 
out  using  the  projection  of  die  Zn-compound.  The  coordinates  of  the  Zn,  Clj  and  Clu  atoms  were  defined 
more  accurately  by  projections  of  the  electronic  density  (constructed  without  taking  into  account  the  nitrogen 
and  oxygen  atoms  when  determining  the  signs  of  the  structural  amplitudes).  These  are  shown  in  Fig.  4.  The 
maxima  corresponding  to  Zn,  Clj  and  Cljj  which  are  clearly  distinguished  in  these  projections  permit  no  doubt 
about  the  correctness  of  the  general  structural  interpretation.  The  atomic  coordinates  obtained  from  a  pro¬ 
jection  of  the  first  approximation  are 

.V  1/  i 


Zn 

0,231) 

0, 1  IT) 

0.28(; 

Cl, 

O.Sii 

0,008 

0,225 

Cl 

11 

0,017 

0,178 

0,131 
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The  values  found  for  the  distances  Zn-Clj  (2.15  A)  and  Zn-Clj|  (2.25  A)  are  obviously  subject  to 
further  increase  in  precision. 

To  determine  the  position  of  the  pyridine  groups  the  difference  between  the  projections  o(xy)— 
was  calculated.  This  allows  the  position  of  one  pyridine  ring  to  be  found  (Fig.  5).  It  could  be  expected  that  on 
taking  into  account  the  N  and  C  atoms  of  this  ring  the  process  of  successive  approximations  would  proceed 
successfully  and  would  expose  the  positions  of  the  remaining  light  atoms.  The  structural  determination  of 
ZnPyjCIi  is  not  yet  completed.  However,  the  basic  stereiKhemical  question,  on  account  of  which  this  investiga¬ 
tion  was  undertaken,  can  be  considered  solved. 


0  I  X 


Fig.  4.  Projections  of  the  electron  density  in  ZnPy^Cl]. 
0  f  r 


Cl, 

'h 

3 

Fig.  5.  Difference  of  the  projections  o(xy)—  o^n 
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As  can  be  seen  from  the  projection,  the  valence  angle  Cli  — Zn  — Cljj  is  considerably  different  both  from 
90*  and  180*.  Calculations  based  on  the  coordinates  obtained  give  a  value  of  126*  for  this  angle.  The  valence 
angles  Nj  —  Zn  —  Cli  and  Nj-Zn  — Cl  jj  are  close  to  100-110*.  Hence,  it  cannot  be  doubted  that  the  complexes 
in  the  series  B-CoPyjClj,  CoPy^Bri  and  ZnPy|Cl|  have  a  tetrahedral  structure. 

Thus  the  two  forms  (  a  and  d)  of  CoPy|Cl2  are  polymorphoisor.:eric  modifications:  the  a  form  is  a 
polymer  and  the  B  form  a  monomer  (polymorphism).  In  the  a  -  isomer  cobalt  has  octahedral  coordination  and 
in  the  B- isomer  tetrahedral.  This  new  type  of  isomerism  can  be  called  polycoordination  or  configurational 
isomerism. 
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A  series  of  structural  types  is  considered  as  the  result  of  positioning  atoms  at  the  tetra¬ 
hedral  sites  of  the  structural  type  fl-W. 

Tile  structural  types  obtained  by  positioning  atoms  at  the  octahedral  and  tetrahedral  sites  of  dense  pack¬ 
ings  are  well  known  and  have  been  thoroughly  studied.  In  addition  to  these,  there  are  also  structural  types 
obtained  by  positioning  atoms  at  the  tetrahedral  sites  of  the  structural  type  fl-W,  e.g.,  V3Si.  In  the  figure, 
the  V  atoms  are  shown  as  forming  icosahedra  with  the  Si  atoms  inside.  The  icosahedra  and  tlie  tetrahedra  I 
fill  the  space.  Tlie  icosahedra  are  formed  from  two  kinds  of  tetrahedra.  One  of  these  (II)  is  actually  a  trigonal 

pyramid,  while  tlie  other  (III)  has  three  equal  edges,  two  different  equal 
edges,  and  a  third  edge.  The  elementary  cell  of  VjSi  contains  6  typ>e  I 
tetrahedra,  16  of  type  II,  and  24  of  type  Ill.  The  center  of  a  tetrahedron 
may  be  taken  as  the  point  equidistant  from  its  vertices.  Then  the  co¬ 
ordinates  of  the  center  of  tetrahedron  I  will  be  x  =  0.25,  y  =  0.5,  z  =  0 
[position  6  (d)  in  tlie  Fedorov  group  Pm3nJ,  those  of  tetrahedron  11  will  be 
X  =  y  =  z  =  0.208  [position  16  (i)J,  and  those  of  tetrahedron  111  will  be 
X  =  0,  y  =  0.0938,  and  z  =  0.314  [position  24  (k)J.  All  the  structural  types 
to  be  considered  are  compared  in  Table  1  (the  symbol  n  denotes  an  un¬ 
occupied  site).  Tables  2,  3,  and  4  show  all  the  compounds  belonging  to 
the  structural  types  of  Table  1;  also  shown  are  Aa,Ax,  Ay,  Az  obtained 
by  subtracting  the  ideal  values  from  the  actual  values  of  a,x»^,  and£. 

If  Ax,  Ay,  Az,  or  Aa  are  equal  to  0,  they  are  not  shown  in  the  tables, 
and  there  are  dashes  if  y,  and  z  have  not  been  determined. 

In  the  structural  type  PdS,  the  Pd  atoms  form  a  structure  of  the  V|Si 
type,  while  the  S  atoms  are  at  type  II  tetrahedral  sites  but  only  occujjy 
half  of  these.  Table  3  shows  that  there  is  some  displacement  from  the 
centers  of  the  sites.  In  the  structure  of  garnet  Ca3A  12(8104)3,  A1  atoms 
occupy  the  Si  positions  and  Ca  and  Si  atoms  occupy  the  V  positions.  The 
garnet  elementary  cell  consists  of  8  cubes  with  a  V^i  structure.  In  each 
cube  die  Ca  atoms  occupy  positions  1  and  2  (see  figure),  but  the  cubes  are  turned  in  such  a  way  that  the  AA  axes 
coincide  with  the  three  perpendicular  axes.  Oxygen  atoms  occupy  12  of  the  24  type  III  tetrahedra  in  such  a  way 
that  the  A1  atoms  are  in  octahedra  of  O  atoms.  In  the  garnet  structure,  type  III  tetrahedra  are  formed  by  two  Ca 
atoms,  an  A1  atom,  and  an  Si  atom.  The  Si  — O  spacing  should  be  a  minimum.  The  O  atom  is  consequently 
displaced,  and  the  deviation  of  jc  from  its  ideal  value  (Ax  in  Table  4)  is  a  maximum. 


The  structural  type  8-W  (VsSi). 
One  icosahedron  is  shown.  The 
unliatched  faces  correspond  to 
type  III  tetrahedra,  and  the 
hatched  faces  to  type  II  tetra¬ 
hedra.  Type  I  tetrahedra  are 
not  shown. 
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TABLE  1 


Structural  type 


V,Si 

NI,S, 

PdS 

Ca,AI,  (SiO^), 

Ca,Al,  (SiO,),  (OH)« 

<:a,(AI(OH),U 

BUKh 

AuZhs 

NaPtsOi 


Positions  of  atoms 


SI 


Tetrahedral 

sites 


III 


Coupled 
tetrahedral 
sites  II 


No.  of  com¬ 
pounds  with 
the  structural 
type 


Si 

V3 

— 

— 

s, 

Ni.n, 

— 

— 

PdJ* 

PdJPdJ" 

Sails 

— 

All 

CasSig 

— . 

OiiIIii 

All 

CasfSii.n) 

— 

Oe.  (011)411,1 

All 

Ca,ns 

— 

(Oll)ii  11,1 

II3 

Rhills 

— 

BiiilT,! 

Aui 

Na, 

Auii 

« 

Pt« 

— 

Zni4 

TABLE  2 


Type  a 

-W  (V^ 

Type  AuZn3 

Com- 

Com- 

Com- 

Com- 

Com- 

pound 

dsj 

pound 

J  2J 

pound 

4_!  '♦N 

a 

pound 

«J  M-4 

d  a 

pound 

Ay  (Zn) 

Ar (Zn) 

V,Co 

(1) 

VaSb 

(4] 

NbaSb 

|4) 

M03AI 

(4) 

AuZna 

—0,071 

— 0,0Ki 

130) 

VgNi 

\2\ 

NbaOs 

(7| 

'I'aaSn 

(7| 

Mogtla 

|41 

CuflAsSb 

— 

— 

(30| 

VaAu 

13) 

Nbfllr 

(7) 

Crallu 

I9I 

MoaSi 

(141 

UII3 

— 

— 

(311 

V  3I  ia 

14) 

Nbal’l 

|7) 

CfaOs 

(10| 

MoaGc 

(ir,| 

UOs 

—0,061 

0,00 

1311 

VsSi 

|h| 

NbaAu 

(31 

OaSi 

|ll| 

W3O  . 

llf.l 

V3C10 

Nb,AI 

|4) 

CfaGo 

VsSn 

171 

N  bat  la 

14| 

CraO 

112) 

VaA.s 

l«) 

NbaSn 

|7) 

M03OS 

1131 

TABLE  3 


Type  NijSj  | 

1  Type  PdS 

Com-  I 

pound  1 

- 

A  a  j 

Literature  j 
reference  | 

j  Com- 
1  pound 

X 

< 

Ax  (S) 

Ay  (S) 

A  (S) 

Literature 

reference 

NljSj 

!  i 

[17J  * 

1 

j  PdS 

1  0.02 

-0.02 

-0.03 

0.02 

[18J 

The  structural  type  of  garnet  can  be  obtained  by  controlled  introduction  of  O  atoms  into  the  structural 
type  VsSi.  Now,  if  atoms  are  removed  from  the  garnet  structure  in  either  a  regulated  or  an  unregulated  way, 
we  can  obtain  a  series  of  structural  types.  Thus,  if  statistically  one- third  of  the  Si  atom  positions  are  unfilled, 
we  arrive  at  a  plasolyte  Ca3Al2(Si04)2(CW)4  structure,  and  a  Cas[Al(OH)^2  structure  is  obtained  if  none 
of  the  Si  atom  positions  are  occupied.  If  botli  the  Si  and  A1  atom  positions  ate  empty,  then  the  structure  is  of 
the  Bi4Rh  type.  Belov  [28J  noted  the  structural  resemblance  between  the  structural  types  Bi4Rli  and  Ca3Al2(Si04)3. 
New  structural  types  can  also  be  obtained  by  "subtracting"  atoms  from  the  V3S1  type  structure.  The  Ni3S2  structural 
type  is  obtained  in  this  way.  Thus,  the  S  atoms  are  in  the  Si  atom  positions,  but  the  Ni  atoms  only  occupy  half 
the  V  atom  positions  (the  Ni  atoms  only  occur  at  points  1  and  3  in  Fig.  l). 

In  the  isostructural  compounds  UD3  and  AuZn3  it  is  the  U  or  An  atoms  which  form  the  V3Si  type  structure. 

The  D  or  Zn  atoms  occupy  all  the  type  II  tetrahedral  sites.  The  tetrahedra  are  linked  by  a  common  face  so  that 
the  D  or  Zn  atoms  tend  to  move  away  from  each  otlier.  Consequently,  Ay  =  “  0.061  for  UD3  and  —  0.071  for 
AuZn3. 
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In  ilie  NaPt304  structure  the  Na  and  Pt  atoms  form  a  structure  of  the  VsSi  type,  and  the  O  atoms  occur  at 
type  II  double  tetrahedral  sites,  i.e,,  at  the  centers  of  three  faced  pyramids  [x  =  y  =  z  =  0.25;  Fedorov  group 
Pm3n,  position  8  (g)J. 


TABLE  4 

Types  »’a3Al,(S  104)3,  (  83^2(8404),  (OH >4.  Ca3  |A1  (OH)«l2,  BiiRh 


Compound 

A.v(O) 

Au  (O) 

A: (O)  1 

1 

Lit. 

ref. 

Al2Na3(Lil'  1)3 

(>,0.35 

1 

— O.Og 

|I9| 

K«‘2Y3(Fo04)3 

0,0274 

0,0103 

— 0,(H)8 

|20| 

F'‘2(V„ -  .Nd,,  r,)3(Fi>04):, 

— 

— 

— 

(2I| 

Fi'2Sni3(Fo(  >4)3 

— 

— 

— 

1211 

l’02(i<l3(Fc04)3 

o,o;)H 

0,(H)5 

—  0.01.5 

(22| 

Fe2Tb3(FeU4)3 

— 

— 

— 

|21| 

Fc‘2Dy3(Fc04)3 

— 

— 

— 

1211 

F  l'*>l  I  03(  F(.*04)3 

— 

— 

I 

12l| 

Fi‘2Er3(Fo04)3 

— 

— 

1211 

Fe3Tu3(Fc04)3 

— 

— 

1211 

Fl‘2Yb3(Fo()4)3 

— 

— 

1 

1211 

FC2LU3(F('Oi)3 

— 

1211 

Al2V3(AI()4)3 

t »,()'» 

0.(MKS 

—  it.Ul7 

123| 

.\l2C(l3(A104)3 

— 

_ 

1231 

Al2Dy3(AI()4)3 

|23| 

Al2Kr3(Al()4)3 

— 

|23i 

3  (^**104)3 

- 

— 

— 

1231 

(lU-^Nds  ((i£|0|)3 

— 

— 

-- 

1231 

(’ia-.Sni3  (('ia04)3 

— 

— 

— 

1231 

(iii->^*^l3  ^4)3 

— 

— 

— 

(231 

(■02l^y3  (^•*•^^4)3 

— 

— 

1231 

Cia-.Kia  (<ijj04);, 

— 

— 

|231 

( .!■•>(  .<>3  (Si(  14)3 

0,035 

—0,007 

—0,002 

1211 

F('2Ca3(Si()4)3 

0,035 

— (),(H)7 

0.(H)2 

1241 

(Fo,  Ti)2(r,a,  .\a)3(Si(>4)3 

— 

— 

— 

1251 

.AloCiiia  (^Si(  )4 13 

0,0389 

—0,013 

— 0,(K)46 

1211 

.Mo  (Mg.  F(')3  (SiUila 

0,04 

0,(H)8 

—0,017 

1241 

.■\l2Mn3  (Si(  >4)3 

0,04 

0,008 

—0,017 

1241 

.\1oF(«3  (8104)3 

0,04 

0,008 

-0,017 

|34| 

(Mg,  Miilo  ((',a2  Xa)  (.\s04)3 

0,0416 

0,0.59 

—0,001 

1261 

AloCaslSiO,)!  (011)4 

0,035 

— 0,(H)7 

-0,007 

1371 

Cas  lAl  (011)61: 

0,0.35 

0,(K)8 

—  0.007 

(28| 

Si-slAl  (01l)«|., 

— 

— 

— 

1281 

i:i4lUi 

0,02'» 

0,017 

-0,004 

1291 

Thus,  we  see  that  a  number  of  new  structural  types  can  be  obtained  by  adding  additional  atoms  (with  or 
without  a  superstructure)  to  the  simplest  structural  types,  or  by  removing  atoms  from  more  complex  structural 
types. 


SUMMARY 

1.  Consideration  has  been  given  to  the  structural  types  obtained  by  adding  atoms  to  tlie  tetrahedral  sites 
of  the  fl-\v  structural  type. 

2.  Eight  structural  types  have  been  found  in  this  way. 

3.  A  metliod  is  described  for  establishing  the  relations  between  structural  types,  i.e.,  of  making  their 
structural  unity  apparent. 
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Precise  conditions  have  been  determined  for  obtaining  the  different  forms  of  neutral  zinc 
selenite,  namely  ZnSe03  -  2H2O,  ZnSe03*H20,  and  ZnSeOj.  It  has  been  found  that  the  anhydrous 
salt  ZnSe03  exists  in  two  modifications,  a  and  6.  Interplanar  spacings  for  these  salts  are  cal¬ 
culated  from  x-ray  powder  photographs,  and  the  results  of  thermographic  investigation  are  de¬ 
scribed. 

The  object  of  this  paper  was  to  obtain  more  precise  data  on  the  existence  of  different  forms  of  zinc 
selenite.  The  question  arose  out  of  an  investigation  of  chemical  affinity  in  the  formation  of  sulfide- selenide 
liiniiiiophoresflj, in  wliicli  it  was  established  that  zinc  selenite  was  formed  as  an  intermediate  product  according 
to  the  reaction: 


n  ZnS  +  SIUSoOs  -  2ZnSpO!,.  11,0  -f  2S  -f  Sc  -f-  (n  —  2)  ZnS  .  (l) 

Zinc  selenite  was  first  obtained  by  Berzelius  [2]  at  the  beginning  of  the  19th  century.  The  neutral  and 
acid  zinc  selenites  were  subsequently  further  investigated  by  various  authors  [3-13J.  However,  the  literature 
data  is  imprecise  and  partially  contradictory. 

According  to  Nilson  [5j,  Muspratt  [6J,  and  Boutzoureano  [7],  there  are  three  forms  of  neutral  zinc  selenite 
—  a  dihydrate,  a  monohydrate,  and  an  anhydrous  salt.  These  authors  also  describe  acid  salts  —  a  biselenite 
Zn(HSe03)2'  2H2O  and  a  tetraselenite  ZnSe409-  3H2O. 

Ferrari,  Cavalca,  and  Moretti  [12J  maintained  that  neutral  zinc  selenite  did  not  give  hydrated  forms  con¬ 
taining  more  titan  two  molecules  of  water. 

Conditions  for  Obtaining  the  Different  Forms  of  Neutral  Zinc  Selenite 

It  will  be  shown  below  that  zinc  selenite  can  exist  in  four  forms  —  a  dihydrate  ZnSeQs*  2H2O,  a  mono¬ 
hydrate  ZnSe03’H20,  and  two  anhydrous  modifications  a -ZnSe03  and  8-ZnSe03.  Each  of  these  forms 
gives  its  own  individual  x-ray  powder  pattern  (Fig.  l). 

Neutral  zinc  selenite  was  synthesized  by  different  methods:  a)  by  interaction  of  zinc  sulfate  with 
potassium  or  sodium  selenite;  b)  by  interaction  between  selenious  acid  and  freshly  prepared  basic  zinc  car¬ 
bonate;  c)  by  interaction  of  zinc  acetate  with  selenious  acid;  d)  by  boiling  an  aqueous  suspension  of  zinc 
oxide  with  selenious  acid. 

The  results  of  experiments  on  the  synthesis  of  zinc  selenite  are  presented  in  Table  1.  The  formula  of  the 
zinc  selenite  was  established  by  chemical  analysis,  x-ray  phase  analysis,  differential  thermal  analysis,  and 
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microscopic  investigation.  The  zinc  was  determined  volumetrically  [14,  15]  and  the  selenium  iodometrically 
[16,  17J.  All  the  reagents  used  were  of  chemically  pure  grade. 


d 


Fig.  1.  X-ray  powder  pattern  of  different  forms  of  zinc  selenite;  a)  ZnSe03*2H20;  b)  ZnSe03*H20: 
c)  a-ZnSe03;  d)  fl-ZnSe03. 


It  is  evident  from  Table  1  that  by  using  method  a  and  varying  the  concentration  and  temperature  of  the 
initial  solutions,  it  is  possible  to  obtain  three  forms  of  zinc  selenite  —  dihydrate,  monohydrate,  and  fl  form  of 

anhydrous  salt.  Concentrated  solutions  at  room  temperature  and  below 
precipitate  dihydrate;  dilute  solutions  at  temperatures  from  2  to  60“ 
precipitate  monohydrate;  the  6  form  of  the  anhydrous  salt  is  deposited 
from  solutions  of  any  concentration  at  temperatures  from  50  to  100“. 

In  the  latter  case,  with  precipitation  from  concentrated  solutions,  the  fl 
modification  sometimes  contains  a  small  amount  of  monohydrate,  as  is 
shown  by  its  reduced  zinc  content. 

Method  b  gives  either  monohydrate  or  fi  modification;  the  other 
methods  only  give  fl-ZnSeOj.  The  a  form  of  anhydrous  selenite  is  not 
Fig.  2.  Diagrammatic  representa-  obtained  by  synthesis  from  aqueous  solution;  it  can  only  be  obtained  by 
tion  of  ZnSe03*  2H2O  crystals.  dehydrating  the  monohydrate  at  190-285“. 

Characteristics  of  Neutral  Zinc  Selenite 

Zinc  Selenite  Dihydrate  consists  of  white,  transparent,  optically  active*  rhombic  crystals** ***  (Figs.  2 
and  3,  a)  insoluble  in  water  and  alcohol,  soluble  in  mineral  acids  and  acetic  acid,  readily  soluble  in  ammonia 
and  potassium  cyanide  solution  and  less  so  in  caustic  alkali.  The  density  of  ZnSeC^-  2H2O  is  d®4  =  3.50  ± 

±  0.01  g/ ml  .**• 


The  dihydrate  crystals  remained  unchanged  on  standing  in  air  or  on  exposure  for  a  short  time  over  con^ 
centrated  sulfuric  acid.  They  were  stable  to  heating  at  60-70“,  but  lost  water  of  crystallization  at  higher 
temperatures. 


Appreciable  loss  of  water,  as  shown  by  change  in  composition,  was  already  observed  at  85*,  but  was  not 
complete  even  at  210  “.  The  crystalline  diliydrate  decomposed  to  give  the  monohydrate  as  an  intermediate 


*  Crystals  of  all  forms  of  zinc  selenite  are  optically  active. 

*•  The  crystals  obtained  were  up  to  0.4  mm  in  size. 

***  The  density  was  determined  using  ethyl  alcohol  in  a  pyknometer. 
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product;  this  was  shown  by  the  differential  thermal  analysis  curves  and  by  the  x-ray  powder  patterns  of  the  pro¬ 
ducts.  The  end  product  was  not  a-ZnSe03  but  tlie  more  stable  6  form.  It  is  interesting  to  note  that  the  di¬ 
hydrate  was  also  converted  to  fi-ZnSe03  by  boiling  with  water. 

Differential  tltermal  analysis  curves  [18,  19j  for  zinc  selenite  were  obtained  with  an  FPK-54  Kurnakov 
pyrometer.  The  rate  of  temperature  rise  was  4-5*  per  minute.  Transformation  temperatures  were  measured 
with  a  chromel-alumel  couple  to  a  precision  of  ±  3°,  and  were  located  by  marks  printed  on  the  photographic 
paper  together  with  the  differential  and  temperature  curves. 


Fig.  3.  Photomicrographs  of  different  crystalline  forms  of  zinc  selenite;  a) 
ZnSe03*2H20,  x  72;  b)  ZnSe03’H20,  x  135;  c)  ZnSe03'H20,  x  55; 
d)  fl  -ZnSe03,  x  480. 


As  a  rule  the  dihydrate  gave  differential  tliermal  analysis  curves  as  shown  in  Fig.  4,  1,  witli  an  endo¬ 
thermic  effect  corresponding  to  tlie  loss  of  the  first  molecule  of  water  at  95*  and  a  smaller  endothermic  effect 
corresponding  to  loss  of  tlie  second  water  molecule  at  190°. 

Coarse  crystals  of  ZnSe03*2H20  gave  differential  curves  of  another  shape  (Fig.  4,  2).  The  exothermic 
effect,  observed  in  this  case  at  290*,  corresponded  to  the  transformation  of  a-ZnSe03  to  the  8  form. 

Table  2  shows  tlie  interplanar  spacings  calculated  from  the  x-ray  patterns  for  tlie  various  forms  of  zinc 
selenite. 

The  x-ray  powder  patterns  were  obtained  using  CuK^^- radiation  in  a  57.3  mm  diameter  Debye  camera, 
witli  rotation  of  die  sample.  The  intensities  were  appraised  on  a  five-step  scale  ;  vs  =  very  strong,  s  =  strong, 
m  =  medium,  w  =  weak,  v  w  =  very  weak. 

The  interplanar  spacings  in  Table  2  differ  from  those  presented  in  Kitaigorodskii's  book  [20j.  The  latter 
are  based  on  American  work,  and  it  is  clear  that  the  different  forms  of  zinc  selenite  were  not  adequately 
identified  in  this. 

Zinc  Selenite  Monohydrate  is  a  white  crystalline  powder  of  density  d®4  =  3.830  ±  0.005  g/ml.  Needle 
shaped  prisms  can  be  seen  under  the  microscope  (Fig.  3  b,  c).  The  monohydrate  is  insoluble  in  water  and  in 
alcohol,  but  soluble  in  acids,  caustic  alkali,  and  ammonia.  There  is  no  loss  of  crystalline  water  on  standing 
for  a  long  time  in  air  or  over  concentrated  sulfuric  acid,  or  on  heating  to  130°. 
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The  dehydration  temperature  of  the  monohydrate  was  determined  from  the  differential  thermal  analysis 
curve  (Fig,  5);  tltis  showed  a  marked  endothermic  effect  at  190*  corresponding  to  the  loss  of  water  and  con¬ 
version  to  a-ZnSe03. 

Anhydrous  Zinc  Selenite  is  a  white  crystalline  material,  sparingly  soluble  in  water  [9J  and  alcohol.  De- 
pending  on  the  method  of  preparation,  the  anliydrous  selenite  appears  under  the  microscope  to  be  shapeless, 
corresponding  to  a-ZnSeOj,  or  in  ilie  form  of  rectangular  tablets  of  varying  sizes,  corresponding  to  6-ZnSeOj 
(Fig.  3,  d). 

Anliydrous  zinc  selenite  is  quite  stable  at  room  temperature,  and  is  not  affected  by  air.  In  a  humid 
atmosphere  it  absorbs  a  small  amount  of  water  (up  to  4-5'7o)t  which  it  readily  loses  on  drying. 

The  anhydrous  salt  usually  has  a  slight  rose  color,  which  becomes  more  intense  on  heating.  The  color  is 
due  to  dis.semination  of  a  very  small  amount  of  dispersed  elementary  selenium,  formed  by  reduction  of  the 
selenite. 


TABLE  2 

Table  of  Interplanar  Spacings  (kX)  and  Relative  Intensities  of  the  X-Ray  Powder  Pattern 
Lines  of  Different  Forms  of  Zinc  Selenite 


znSco,-::i!,o 

o-/n.SeOj 

P-ZnSoO, 

d 

d 

d 

d 

z 

Z 

fl) 

1 

>1 

1) 

/ 

<u 

1 

■t 

(U 

1 

If 

C 

C 

c 

G 

1 

medium 

4,15 

1 

medium 

3,!M> 

1 

strong 

3,85 

1 

weak 

4,69- 

2 

strong 

.3,!M» 

2 

weak 

.3,30 

•p 

weak 

3,(i0 

2 

very  weak 

4,03 

:i 

strong 

3,45 

3 

weak 

3,17 

.3 

very  strong 

3,03 

3 

strong 

3,60 

4 

weak 

3.30 

4 

very  strong 

2,82 

4 

strong 

2 , 54 

4 

very  weak 

3,33- 

') 

very  weak 

3,19 

u 

strong 

2,45 

5 

strong 

2,47 

5 

medium 

3,12 

G 

very  strong 

3,05 

6 

strong 

2,38 

(i 

weak 

2,. 32 

6 

very  strong 

3,03. 

7 

medium 

2,99 

7 

medium 

2.;io 

7 

medium 

2,22 

7 

medium 

2.79 

S 

strong 

2,75 

8 

weak 

2,20 

8 

medium 

2,11 

8 

very  weak 

2,. 54 

!» 

medium 

2,69 

!l 

weak 

2,15 

9 

strong 

1,90 

9 

medium 

2,4(> 

10 

strong 

2,. 58 

10 

weak 

2,09 

10 

strong 

1,78 

10 

medium 

2,32 

11 

strong 

2,52 

11 

weak 

2,04 

11 

very  weak 

1,72 

11 

medium 

2,17 

12 

strong 

2,40 

12 

weak 

1 .78 

12 

very  weak 

1 ,69 

12 

weak 

2,11 

\:\ 

medium 

2,26 

13 

weak 

1 ,69 

13 

very  weak 

1,65 

13 

very  weak 

2,05 

14 

strong 

2,21 

14 

weak 

1 ,65 

14 

weak 

1,62 

14 

very  weak 

2,00 

15 

medium 

2,17 

15 

weak 

1 . 63 

15 

medium 

1 ,56 

15 

weak 

1 ,97 

16 

weak 

2,09 

16 

strong 

1,.57 

16 

medium 

1,53 

16 

medium 

1,90 

17 

medium 

2,04 

17 

weak 

1  ,.50 

17 

weak 

1,46 

17 

weak 

1.89 

18 

medium 

1,98 

18 

very  weak 

1,42 

18 

weak 

1,44 

18 

weak 

1,83 

19 

weak 

1,93 

19 

very  weak 

1,.39 

19 

weak 

1,40 

19 

weak 

1,80 

20 

weak 

1 ,89 

20 

very  weak 

1,35 

20 

weak 

1,36 

20 

weak 

1.70 

21 

medium 

1.79 

21 

very  weak 

1  ,31 

21 

medium 

1,.32 

21 

weak 

1,72 

22 

very  strong 

1,74 

22 

very  weak 

1,28 

22 

medium 

1,29 

22 

weak 

1,69 

23 

medium 

1,73 

23 

medium 

1,25 

23 

medium 

1,27 

23 

weak 

1,67 

24 

medium 

1 ,69 

24 

very  weak 

1  .24 

24 

medium 

1,65 

25 

strong 

1,65 

25 

weak 

1,10 

25 

medium 

1 ,62 

2G 

strong 

1,61 

26 

weak 

1 ,07 

26 

very  weak 

1 ,60. 

27 

medium 

1,58 

28 

very  strong 

1,55 

29 

strong 

1,53 

30 

very  strong 

1 ,51 

31 

medium 

1,48 

32 

strong 

1,44 

33 

weak 

1,42 

34 

medium 

1 ,39 

35 

weak 

1,37 

36 

weak 

1 ,34 
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The  Dimorphism  of  Anhydrous  Zinc  Selenite.  It  has  already  been  explained  that  anhydrous  zinc  selenite 
exists  in  two  modifications,  as  revealed  by  x-ray  and  thermographic  data.  The  a  modification  is  stable  up  to 
285*;  only  the  6  modification  exists  at  higher  temperatures.  Data  from  chemical  analysis,  x-ray  phase  analysis, 
differential  thermal  analysis,  and  microscopic  investigation  shows  that  conversion  of  the  a  modification  to  the 
fl  form  occurs  at  285-290*.  The  densities  of  the  a  and  8  modifications  are  d*4  =  3.94  ±  0.01  and  4.71  ± 

±  0.02  g/ml,  respectively. 


Fig.  4.  Differential  thermal  analysis  curves  for  ZnSe03* 
•  2H,0. 


•H,0. 


The  differential  thermal  analysis  curves  of  a-ZnSe03  (Fig.  6,  l)  and  of  ZnSe03*H20  (Fig.  5  and  Fig. 

4,  2)  show  a  marked  exothermic  effect  at  290*  corresponding  to  the  conversion  of  a-ZnSe03  to  tlie  8  form. 
There  is  no  such  effect  in  the  curve  for  8  -ZnSe03  (Fig.  6,  2  and  Fig.  4,  l). 

The  a  modification  is  thermodynamically  less  stable  than  the  6  form.  This  is  shown  by  the  following 

data: 

a)  a-ZnSe03  in  solution  in  selenious  acid  is  converted  into  die  8  form  at  room  temperature;  the  mono¬ 
hydrate  is  produced  on  prolonged  contact  with  water. 

b)  a-ZnSe03  is  not  precipitated  from  solution  in  the  syndiesis  of  zinc  selenite  by  any  of  die  four  methods 
shown  in  Table  1. 
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c)  Conversion  of  a-ZnSe03  to  the  6  form  Is  accompanied  by  a  considerable  exothermic  effect. 

Composition  Diagrams  for  Neutral  Zinc  Selenite  are  shown  in  Fig.  7.  It  is  evident  that  up  to  95*  three 
forms  of  zinc  selenite  can  exist,  namely  the  dihydrate,  the  monohydrate,  and  a-ZnSeP3;  up  to  190*  the  mono¬ 
hydrate  and  a-ZnSeOj;  up  to  285*  a-ZnSeOj;  and  above  290*  only  B-ZnSeOj.  On  further  heating,  8-ZnSeC)| 
dissociates  into  selenium  dioxide  and  zinc  oxide. 


n  10  20  30  40  SO  60  10  SO 

Time,  min. 


Fig.  6.  Differential  thermal  analysis  curves  for  anhydrous 
zinc  selenite:  1)  a-ZnSe03;  2)  6-ZnSe03. 


ZnO 


It  is  evident  from  Fig.  7  that  dissociation  becomes  appreciable  above  450*  at  atmospheric  pressure.  How¬ 
ever,  die  degree  of  dissociation  depends  considerably  on  the  experimental  conditions,  particularly  on  the  possibility 

of  escape  of  gaseous  Se02.  Curves  were  obtained  showing 
the  effects  of  heating  a  thin  layer  (layer  density  ~  0.14 
g/cm*,  total  weight  1-5  g)  of  anhydrous  zinc  selenite  for 
one  hour  in  a  crucible  furnace.  Under  these  conditions 
complete  dissociation  was  only  achieved  at  600*. 

The  results  obtained  for  the  dissociation  of  anhydrous 
ZnSe03  do  not  agree  with  literature  data  [10,  11 J.  The 
difference  is  probably  due  to  the  experimental  conditions, 
which  greatly  affect  the  kinetics  of  the  process. 


ZoSpOj 

ZnSeOyZH;,0 


WO  200  300  ^tOO  500  600  700 
Temperature,  “  C 


Fig.  7.  Composition  diagram  for  neutral  zinc 
selenite. 


In  conclusion,  we  would  like  to  thank  Yu.  D.  Kondrashev 
for  assistance  with  the  recording  and  interpretation  of  the 
x-ray  patterns  and  for  useful  advice,  and  also  to  thank  T.  P. 
Vorokhobinaya  for  assistance  widi  the  experimental  work. 

SUMMARY 

1.  The  formation  conditions  and  composition  of 
neutral  zinc  selenite  have  been  investigated.  The  existence 
of  two  crystalline  hydrate  forms  has  been  confirmed. 

2.  It  has  been  shown  that  anhydrous  zinc  selenite  is 
dimorf^ous. 


3.  The  temperature  limits  for  the  existence  of  different  forms  of  zinc  selenite  have  been  established  by 
chemical  analysis,  x-ray  analysis,  differential  thermal  analysis,  and  microscopic  studies. 

4.  Some  new  data  is  presented  on  the  physical  and  chemical  properties  of  zinc  selenite. 
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We  have  evaluated  the  overlap  integrals  for  32  covalent  hydrides  and  halides;  integrals 
for  both  the  real  and  die  hypodietical  purely  covalent  bonds  (with  the  bond  distance  equal  to 
die  sum  of  covalent  radii  and  t  -  O)  were  set  up.  The  ratios  between  these  two  types  of  in¬ 
tegrals  give  the  deviations  of  the  actual  bond  typies  from  the  idealized  covalent  state  and  they 
are  used  for  the  determination  of  the  ionic  character  of  various  bonds.  The  results  were  in 
close  agreement  with  Pauling's  data,  which  were  ba.sed  on  dipole  moment  measurements. 

The  ionic  character  of  a  bond  can  be  related  to  the  electronegativity  by  the  equation  i  = 

Hie  polarity  of  bonds  constitutes  one  of  the  fundamental  problems  in  the  theory  of  chemical  structure, 
since  polar  bonds  are  found  in  a  very  great  number  of  chemical  compounds.  Tlie  known  experimental  methods 
for  die  determination  of  die  ionic  character  of  bonds  from  dipole  and  quadrupole  moments  yield  conflicting 
results,  while  at  die  same  time  there  has  obviously  not  been  enough  detailed  theoretical  work  done  in  the  field. 
An  intensive  study  of  this  problem  would  constitute,  in  our  opinion,  a  very  far-sighted  project,  since  it  will  quite 
obviously  lead  to  a  unified  quantitative  treatment  for  all  die  various  chemical  compounds.  The  primary  purpose 
of  this  work  is  to  show  how  overlap  integrals  can  be  used  for  the  determination  of  the  ionic  character  of  chemi¬ 
cal  bonds  in  covalent  hydrides  and  halides. 

As  has  already  been  demonstrated  in  several  papers  [1-3]  a  chemical  bond  can  be  represented  by  in¬ 
tegrals  of  the  type  S  —  ^  where  xa  XB  respective  atomic  orbitals  of  atoms  A  and  B. 

Such  integrals  constitute  a  one-electron  approximation  and  are  evaluated  over  die  entire  space.  Atomic 
orbitals  can  be  represented  by  the  following  simplified  expression  (derived  by  Ziner  and  Slater  [4,  5]); 


z 


"y'(0,  tD), 


where  Z*  is  die  effective  nuclear  charge  and  n*  the  effective  principal  quantum  number  (these  can  be 
evaluated  by  using  rules  derived  by  Slater  [5]  and  Angus  (6J);  ajj  is  the  first  Bohr  radius;  Y(0,  4>)  is  the 
angular  component  of  the  orbital  function. 

A  number  of  overlap  integrals  have  been  evaluated  and  tabulated  [7-llj  as  functions  ofp  and  t  ; 
p  =  (A/^  j  M„)Hj2a„  and  (  --(A/, 
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where  M  =  Z*  /n*  ,  and  R  is  the  interatotnic  distance.  Overlap  integrals  have  previously  been  used  for  the  deter¬ 
mination  of  energies  of  homopolar  and  heteropolar  bonds,  and  the  results  were  in  good  agreement  witli  ex¬ 
perimental  data  [12-14J.  This  good  agreement  suggested  tliat  overlap  integrals  may  be  very  useful  for  other 
studies  dealing  witli  the  nature  (rf  chemical  bonds.  Thus,  Fyfe  has  already  shown  [15j  tliat  tlie  overlap  in¬ 
tegrals  of  Li  — E  bonds,  where  E  =F,  O,  N,  Cl,  S,  C,  P,  and  Si,  decline  monotonically  as  the  electronegativity 
differences  between  the  respective  atoms  Ax  =  X£  -  xy  increase.  Hence,  it  follows  tliat  overlap  integrals  can 
be  used  for  the  determination  of  the  ionic  character  of  chemical  bonds;  Fyfe,  however,  did  not  derive  any 
quantitative  relationship  between  tlie  two  variables.  Such  a  relationship  can  be  established  if  one  first  reduces 
all  the  overlap  integrals  to  one  scale.  Our  scale  was  based  on  tlie  overlap  integrals  of  tliesc  same  bonds  but  with 
the  two  elements  separated  by  a  distance  equal  to  the  sum  of  the  two  respective  covalent  radii  and  t  =  0.  These 
criteria  are  very  important  in  tlie  treatment  of  covalent  bonds. 

In  this  way  we  are  comparing  die  real  bonds  widi  purely  covalent  hypothetical  ones.  At  the  same  time 
the  hybridization  and  bond  orders  are  assumed  to  be  identical  in  both  cases. 

The  covalent  radii  used  in  our  work  are  all  listed  in  Table  1;  the  tabulated  values  are  based  on  recent 
data  of  Pauling,  Sidgwick,  Huggins,  and  Zachariasen  [16-19],  and  on  our  own  calculations  (we  computed  the 
covalent  radii  of  metals  by  introducing  a  correction  for  die  coordination  number  to  the  corresponding  atomic 
radii). 


In  accordance  widi  the  currently  accepted  dieory  ot  directed  valence  bonds  we  assigned  diagonal, 
trigonal,  and  tetrahedral  hybridizations  respectively  to  the  elements  of  Group  11,  III,  and  IV  [20].  In  compounds 
containing  elements  of  Group  V  and  VI  the  hybridization  was  computed  from  the  equation:  a  =  cos  0/(cos  0  -  l), 
where  0  is  die  bond  angle  [21].  According  to  Gordy  [22-24],  quadrupole  interaction  data  indicate  that  there  is 
no  more  dian  5%  liybridization  in  the  atomic  orbitals  of  halogens.  The  energy  required  to  promote  the  transition 
s*x*y*z  -►  sx*y*z*  in  fluorine  was  estimated  by  Pritchard  and  Skinner  [25];  the  results  confirmed  the  fact  that  the 
hybridization  of  halogen  orbitals  is  very  small.  However,  since  for  die  majority  of  halides  the  exact  extent  of 
liybridization  is  not  known  anyway,  considering  the  small  value  of  die  effect  we  felt  justified  in  neglecting  this 
hybridization  in  most  of  our  calculations. 

We  computed  die  ionic  character  i  of  bonds  by  using  the  following  general  equation; 

(•'■>)’+ 0.82  2 

where  Aj  =  1  for  Aj  =  1.732  for  Sgp;  and  Aj^  =  0.82  for  S;rSjf . 

In  this  equation  die  summation  over^  and  k  takes  care  of  die  bonding  electrons  while  summation  over 
j  •  takes  into  account  die  repelling  electrons.  Tlie  coefficient  A  stands  for  "die  specific  electron  density"  of  a 
given  type  of  integral.  The  numerator  represents  die  actual  bond  while  die  denominator  represents  die  reference 
bond. 


t  =  i  — 


Pauling  [20]  derived  the  coefficient  A  =  1.732  for  p- bonds  by  postulating  that  A  =  1  for  S  —  S  bonds.  Since 
die  corresponding  coefficient  for  the  rr-n  bonds  is  not  found  in  die  literature,  we  determined  it  by  following 
Pauling’s  procedure  and  assuming  a  17%  ionic  character  for  die  HCl  bond;  our  value  is  in  good  agreement  with 
the  results  obtained  by  several  independent  methods  [27-30].  Tlie  calculated  value  of  Aj^  -0.82  was  used  in 
subsequent  calculations. 

Hydrides 

For  the  hydrides  of  elements  belonging  to  die  first  four  groups  of  die  periodic  system  in  which  the  number 
of  hydrogen  atoms  is  equal  to  the  number  of  electrons  in  the  valence  shell  die  ionic  character  of  bonds  can  be 
evaluated  by  means  of  die  following  simplified  equations: 

Sss 

i  =  1  —  — —  for  Group  I  hydrides, 

^  ss 
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Covalent  Radii  (A) 
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i  =  1  - 


for  Group  II- IV  hydrides. 


^Iiybr.  sp 
^  hybr.  sp 


However,  we  were  unable  to  determine  the  ionic  character  of  bonds  in  Group  II  hydrides  due  to  the  lack 
of  appropriate  data  on  the  interatomic  distances  in  these  molecules. 

When  determining  the  ionic  character  of  bonds  in  hydrides  of  Group  V  -  Vll,  it  is  also  important  to  take 
into  account  tlie  interaction  between  the  free  np*  electron  pairs  on  the  central  element  and  the  free  2p  tr  - 
orbitals  of  the  hydrogen  atoms,  and  consequently  the  numerical  formula  assumes  die  form: 

.  ^  j  _  1. 732.91, vbr..p+  0.82^nn/» 

*  1.732.9'  .  +0.82^'  /«’ 

nybr.ap'  "" 

where  1/n  is  die  ratio  of  the  number  of  free  electron  pairs  to  the  number  of  free  orbitals:  1/n  =  Vs  for  Group  V 
elements.  Vs  for  Group  VI,  and  1  for  Group  Vll, 

We  determined  the  percent  ionic  character  of  the  bonds  in  covalent  hydrides,  and  the  results  are  presented 
in  Table  2. 

TABLE  2 


Percent  Ionic  Character  of  Bonds  in  Hydrides 


9 

; 

Real  molecule 

Reference 

molecule 

o 

o 

2 

• 

X  • 

: 

< 

x 

.  « 

(D 

( 

r 

t 

P 

Skin 

p 

s'; 

P 

s'/n 

Lni 

1,60 

1,69 

0,21 

2,50 

0,4G 

2,64 

0,54 

12 

Nall 

1,89 

1,95 

— 

0,15 

3,10 

0,39 

— 

— 

3,13 

0,48 

— 

— 

18 

Kbit 

2,37 

2,52 

— 

0,20 

3,47 

0,21 

— 

— 

— 

3,71 

0,40 

— 

_ 

47 

lUI, 

1 ,27 

1,21 

120° 

-0,13 

2,61 

0,76 

— 

— 

— 

2,63 

0,77 

— 

_ 

1 

(■II4 

1,094 

1,14 

10<r28' 

-0,24 

2,71 

0,68 

— 

— 

— 

2,83 

0,72 

— 

_ 

5 

Nils 

1,014 

l.Il 

106°47' 

-0,32 

2,83 

0,48 

0,59 

2,35 

0,08 

3,10 

0,56 

2,57 

0,19 

17 

PHs 

1,42 

1,47 

9r)°46' 

-0,23 

3,49 

0,56 

-0,.52 

2,82 

0,14 

3,61 

0,.57 

2,92 

0,.56 

5 

HjO 

0,957 

1,11 

105”3' 

-0,39 

2,96 

0,44 

-0,64 

2,51 

0,07 

3,43 

0,54 

2,91 

0,24 

27 

lIjS 

1,334 

1.41 

92°  16' 

-0,29 

3,55 

0,51 

-0,57 

2,92 

0,18 

3,75 

0,53 

3,08 

0,21 

6 

II F 

0,92 

1,09 

— 

—0,44 

3,91 

0,29 

0,67 

2,70 

0,15 

3,71 

0,42 

3,20 

0,43 

42 

HCI 

1,27 

1,37 

— 

-0,34 

3,73 

0,45 

-0,00 

3,04 

0,32 

3,93 

0,50 

3,28 

0,49 

17 

HI 

1,615 

1,70 

— 

-0,31 

4,38 

0,50 

-0,58 

3,63 

0,30 

4,66 

0,47 

3,88 

0,42 

4 

•  These  values  are  reproduced  from  [33j. 

••  This  is  the  sum  of  the  covalent  radii  given  in  Table  1. 


As  has  already  been  shown  by  Cotton  and  Leto,  who  investigated  boron  and  aluminum  halides,  the  over¬ 
lap  integrals  of  polyatomic  molecules  can  be  determined  in  the  same  way  as  can  those  of  diatomic  molecules 
[14j. 

Fluorides  and  Chlorides 

In  dealing  witli  fluorides  and  chlorides  one  has  to  consider  the  repulsion  between  the  inner  shell  electrons 
of  the  halogen  and  those  of  the  other  element.  In  die  case  of  halides  of  Group  Ill- VII  elements  one  must  also 
take  into  account  the  partial  double  bond  character  in  both  the  real  molecule  and  the  reference  model,  since 
multiple  bonding  has  a  pronounced  effect  on  die  interatomic  distances.  Due  to  the  lack  of  direct  experimental 
methods,  we  have  to  use  overlap  integrals  at  the  present  time  to  estimate  the  percent  double- bond  character. 
This  last  one  is  determined  from  the  ratio  of  the  overlap  Integral  for  the  n  -  bonds  in  the  real  molecule  to  the 
corresponding  integral  for  a  reference  molecule  in  which  the  interatomic  distance  is  equal  to  die  sum  of  the 
double- bond  covalent  radii  of  the  two  elements.  Multiple- bond  covalent  radii  were  taken  from  Pauling  [34] 
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N 


and  are  listed  in  Table  3.  The  percent  double-bond  character  is  31  in  BFs,  31  in  BClj,  59  In  FCl,  16  in  CF4, 

21  in  CCI4,  25  in  SiF4,  30  in  PF3,  23  in  OF 2,  and  19  in  NFj,  Assuming  a  linear  relaiionsltip  between  the  lengtiis 
of  double  and  single  bonds  and  using  the  double-bond  percentages  derived  above  one  can  readily  compute  the 
interatomic  distance  in  a  reference  molecule  with  tlie  same  bond- type  as  the  real  compound. 


TABLE  3 

Multiple-Bond  Covalent  Radii 


j 

Radii,  A 

Element 

Single  bond 

Double  bond 

11 

0.88 

11,76 

() 

(1,77 

<i,6(; 

0,70 

0,<U) 

(» 

0.66 

o,.5:) 

F 

0,61 

0,64 

Single  bond 

Double  bond 

SI 

1.17 

1,07 

*  1* 

1,10 
1  ,IHI 

s 

1,06 

0,‘)4 

('.1 

1 ,00 
0,81* 

In  Table  4,  we  have  compiled  our  calculated  percent  ionic  characters  of  the  bonds  in  covalent  halides. 
Tlic  cx|H:rimental  interatomic  distances  are  reproduced  from  Rittner  135J,  Cottrell  t33J,  Mulliken  [Ij,  and 
Akishin  and  Spiridonov  [36].  The  bond- lengths  in  reference  molecules  were  all  corrected  for  multiple  bonding. 


As 


jL_  J - i  1- 1111 _ ) - 1 - ( 

0  Ml  20  30  40  50  60  70  SO  90l,% 

The  relationship  between  the  percent 
ionic  character  and  the  electronegativity 
difference. 


The  calculated  percent  ionic  characters  of  the  bonds  in  co¬ 
valent  halides  and  hydrides  are,  on  the  whole,  in  good  agreement 
with  Pauling's  data  [26J.  We  have  therefore  decided  to  find  an 
analytical  function,  similar  to  Pauling's  equation,  which  would 
connect  the  ionic  character  of  bonds  with  the  electronegativity 
difference  between  the  bonded  atoms.  In  our  Figure,  we  have 
plotted  the  percent  ionic  character  of  bonds  in  binary  molecules 
against  the  electronegativity  differences  (the  electronegativities 
were  taken  out  of  a  recent  paper  by  Batsanov  [37]).  It  is  obvious 
that  the  ionic  character  of  bonds  increases  as  tlie  electronegativity 
difference  between  the  corresponding  atoms  is  increased.  The 
analytical  form  of  the  function  which  fits  this  curve  is:  i  = 

-  0.2AX* 

=  1  —  e  ,  It  is  interesting  to  note  that  in  the  original 

form  of  Pauling's  curve  the  coefficient  of  AX*  was  0.25  [36]  but 
subsequently  it  was  changed  to  0.18  [38].  We  can  therefore  see 
that  our  results  practically  reproduce  the  percent  ionic  character 
data  based  on  dipole  moment  measurements. 

One  cannot  regard  the  present  form  of  our  method  as  final. 
There  is  no  doubt  that  a  more  rigorous  treatment  is  required  to 
take  into  account  tlie  effects  of  hybridization  and  multiple  bonding 
on  the  electron  density  in  molecules.  In  principle,  it  also  seems 
essential  that  only  orthogonal  wave  functions  be  used,  but  the 
appropriate  data  are  practically  nonexistent  at  the  present  time. 
Mulliken  has  shown  [1]  that  in  certain  cases  overlap  integrals 
composed  of  ortliogonal  functions  differ  very  little  from  those 
made  up  of  nonotthogonal  functions. 
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S  UMM  ARY 


1.  A  new  method  lias  been  developed  for  the  determination  of  the  percent  ionic  character  of  bonds;  the 
method  involves  a  comparison  between  the  overlap  integral  for  the  real  bond  and  that  for  a  hypothetical  co¬ 
valent  bond. 

2.  An  equation  has  been  derived  relating  the  percent  ionic  character  to  the  difference  between  the 

,  .  -  0.2  AX*, 

electronegativities  of  the  corresponding  atoms  i  =  I  -  e 
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CONTEMPORARY  X-RAY  SPECTRAL  ANALYSIS* 
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Original  article  submitted  December  25,  1959 

This  is  a  review  of  contemporary  methods,  apparatus,  and  theory  of  x-ray  spectral 
analysis.  The  possibilities  for  further  development  of  this  metliod  of  investigation  are  also 
considered. 

X-ray  spectroscopy  as  a  method  of  analyzing  the  chemical  composition  of  substances  or  as  a  method  of 
investigation  of  atomic  interactions  in  compounds  is  a  relatively  new  method  of  investigation.  Kliaddin,  Kheveshi, 
and  Noddaki  made  tlie  first  contributions  in  this  area  between  1922  and  1925.  Their  investigations  led  to  the 
discovery  of  two  new  cliemical  elements:  hafnium  (Kheveshi,  1923),  and  rhenium  (Noddaki,  1925).  Since  tlien 
x-ray  spectral  analysis  lias  been  increasingly  applied  for  die  solution  of  various  problems  in  chemistry  and 
chemical  technology,  geology,  geochemistry,  solid  state  chemistry,  and  for  the  study  of  metals.  The  use  of 
x-ray  analysis  has  also  been  increasing  in  industry,  particularly  during  the  past  ten  years.  On  one  hand,  diis 
has  been  the  result  of  considerable  dieoretical  development,  which  has  widened  the  area  of  application  of 
x-ray  spectroscopy  in  chemistry.  On  the  other  hand,  die  improvement  of  mediods  of  investigation,  particularly 
the  method  of  counting  elementary  particles  and  photons  (possible  as  a  result  of  die  intensive  development  of 
nuclear  physics),  has  contributed  even  more  to  the  development  of  the  mediod.  In  recent  years  all  tliis  has 
made  possible  an  intense  development  of  apparatus  and  mediods  of  fluorescent  x-ray  spectroscopic  analysis  and 
odier  special  mediods  which  have  become  more  and  more  important,  replacing  older  methods  of  investigation 
in  chemistry  and  metallurgy,  and  indicating  the  direction  of  furdier  developments  in  x-ray  spectroscopy.  In 
spite  of  certain  difficulties  in  many  of  tliese  new  applications  of  x-ray  spectral  analysis  —  proper  apparatus 
sometimes  unavailable,  some  of  die  methods  not  yet  completely  worked  out  —  it  seems  to  us  diat  they  will 
have  die  greatest  future  development,  and  we  shall  devote  the  greater  part  of  diis  review  to  diem.  As  for 
methods  of  x-ray  analysis  already  developed,  tested,  and  widely  applied,  they  have  been  described  in  detail 
in  monographs  by  M.  A.  Blokhin  [Ij  which  appeared  last  year,  and  by  this  author  [2.  3j;  tlicy  give  concrete 
examples  of  applications  for  quantitative  analysis  of  a  nunilx;r  of  elements  which  were  difficult  to  measure 
(TR,  Zr,  Hf,  Nb,  Ta,  etc.)  in  samples  of  complex  and  variable  composition. 

Fluorescent  X-ray  Spectral  Analysis 

One  of  die  most  important  characteristics  of  contemporary  x-ray  spectral  analysis  is  the  increasingly 
clear  tendency  to  pass  from  almost  exclusive  use  of  spectra  of  primary  excitation  to  a  wider  use  of  secondary 
emission  spectra  and  to  use  of  the  so-called  x-ray  fluorescence  method. 

In  fluorescent  x-ray  spectrography  die  excitation  of  the  characteristic  radiation  of  atoms  of  tlie  substance 
being  investigated  is  achieved  by  inadiation  widi  a  powerful  beam  of  primary  x-rays.  This  fluorescent  metliod 


*  Resume  of  die  meeting  on  the  analysis  of  rare  and  semiconducting  materials  held  in  Moscow,  December  7-11, 
1959. 


/  * 


336 


of  excitation  of  spectra  lias  a  number  of  advantages  wiili  respect  to  the  ordinary  method,  in  which  the  x-rays 
appear  at  tlie  moment  the  liigh-speed  electrons  coming  from  tlic  surface  of  tlie  catltode  of  die  x-ray  tube  are 
abruptly  stop|)ed  by  the  anticatluHle.  Some  of  the  advantages  of  the  fluorescent  method  come  from  die  fact 
that  die  sample  can  be  placed  in  air,  outside  the  vacuum  of  the  x-ray  tube,  or  can  be  introduced  into  the  vacuum 
dirough  a  special  lock.  Tliis  makes  it  unnecessary  to  use  die  dismountable  x-ray  tube  with  its  complex  high 
vacuum  system,  atid  makes  it  possible  to  make  die  analysis  without  heating  or  destroying  the  sample,  and  on  the 
whole  speeds  up  die  analysis  considerably.  Also,  the  lack  of  a  continuous  spectrum  of  secondary  x-ray  radiation, 
and  the  consequent  sliarp  decrease  of  background  intensity  widi  respect  to  that  of  die  primary  excitation  method, 
leads  to  an  increase  of  the  sensitivity  of  fluorescent  x-ray  spiectral  analysis. 

Unfortunately,  the  intensities  of  the  secondary  emission  spectra  are  a  few  tens  of  times  weaker  dian  those 
of  the  primary  spectra,  and  it  is  inconvenient  to  register  diem  by  pliotographic  methods.  For  a  long  time  this 
fact  prevented  wide  practical  application  of  diis  method  of  spectra  excitation,  which  has  become  possible  only 
relatively  recently. 

At  die  present  time  in  die  USA  and  in  Europe,  and  recently  in  die  USSR,  several  types  of  fluorescent 
x-ray  spectral  analysis  apparatus  for  industrial  use  are  being  mass  produced,  Tliese  are  being  used  in  many 
branches  of  industry,  geology,  chemistry,  and  metallurgy.  In  die  United  States,  for  example,  it  has  in  many 
cases  replaced  other  types  of  analysis,  panicularly  optical  spectral  analysis.  X-ray  spectral  analysis  makes 
possible  a  quantitative  analysis  of  all  the  elements,  all  the  way  from  sulfur  to  the  end  of  the  periodic  table. 

Tlie  sensitivity  of  modern  fluorescent  analysis  is  on  the  average  approximately  10'*  'V-',  but  it  depends  largely 
on  the  atomic  number  of  the  elements  and  die  character  of  die  sample  being  analyzed.  In  the  most  favorable 
cases,  it  reaches  10'*  <70  while  in  die  least  favorable  cases  it  can  decrease  by  almost  three  orders  [4-17J.  The 
precision  of  quantitative  determination  of  the  element  depends  to  a  great  extent  on  the  choice  of  die  method 
of  analysis,  and  in  most  cases  can  be  pushed  to  2-5<7o  of  die  quantity  to  be  determined.  Duration  of  the  analysis 
varies  from  a  few  minutes  to  1-2  hours.  The  greatest  difficulties  arise  in  the  analysis  of  elements  with  small 
atomic  numbers  and  in  the  area  of  long  wavelengths.  These  difficulties  are  the  result  of  the  sharp  decrease  of 
the  relative  yield  of  the  characteristic  radiation  for  these  elements  and  die  intense  absorption  of  long  wavelength 
radiation  in  the  space  between  the  source  of  radiation  and  the  sample. 

An  important  drawback  of  the  method  of  secondary  excitation  spectra  with  respect  to  the  primary  ex¬ 
citation  spectra  is  the  existence  of  a  relationship  between  the  intensity  of  the  analytic  line  of  die  element 
being  investigated  and  the  general  composition  of  die  sample,  particularly,  in  the  presence  of  the  so-called 
"liindering  elements*  in  the  sample,  which  induce  selective  excitation  or  absorption  of  the  radiation  of  the 
element  under  investigation.  This  leads  to  the  deformation  of  die  linearity  of  the  calibration  curves  relating 
the  intensities  of  die  analytic  lines  of  die  element  to  die  number  of  excited  atoms  in  the  volume  of  die  sample, 
and  in  a  certain  sense  creates  a  situation  analogous  to  that  occurring  in  optical  spectral  analysis. 

Til  is  difference  between  fluorescent  x-ray  spectral  analysis  and  primary  x-ray  spectral  analysis  is  due 
essentially  to  the  fact  that  die  x-rays  penetrate  deeper  into  die  sample  than  electrons.  Tlierefore,  the  excitation 
of  secondary  spectra  in  the  fluorescent  method  occurs  in  a  relatively  large  volume  of  the  substance,  while  with 
primary  x-rays  die  investigation  is  confined  to  a  very  thin  surface  layer  of  the  substance,  the  depth  usually  not 
exceeding  10-12  p. 

At  the  present  time,  a  considerable  number  of  publications  [18-22]  concern  problems  of  the  theory  and 
application  of  fluorescent  x-ray  spectral  analysis.  In  some  of  diese  investigations  there  are  attempts  to  take 
into  account  in  a  strictly  mathematical  manner  the  effect  of  interaction  between  different  components  in 
systems  of  various  complexity  [6,  23,  24,  25J.  Tlie  general  dieory  of  die  analysis  of  multicomponent  substances 
and  practical  mediods  of  analysis  were  developed  by  Beattie  and  Brissey,  based  on  the  Sherman  equation.  Un¬ 
fortunately,  practical  use  of  the  theoretical  results  obtained  in  this  manner  is  difficult  in  the  general  case  because 
of  the  complexity  of  the  final  madiematical  expressions.  It  is  therefore  understandable  diat  some  investigators 
tend  to  develop  concrete  mediods  of  analysis  of  different  substances  by  accounting  empirically  for  the  hindering 
effects  of  some  elements  in  the  substance.  For  example,  Barinskii  [7]  preferred  this  method  for  quantitative 
determination  of  individual  elements  in  rare  earth  minerals.  In  some  cases  the  effect  of  interaction  of  the 
elements  can  be  weakened  by  using  the  comparative  method  with  a  proper  choice  of  the  reference  element  [26] 
or  by  greatly  diluting  the  substance  with  starch,  sugar,  lithium  carbonate,  or  some  other  light  filler  [27].  It 
is  true  that  this  dilution  reduces  the  sensitivity  of  the  method,  and  can  be  recommended  only  where  the  substance 
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contains  a  large  amount  of  the  element  to  be  measured.  Where  tlie  substance  contains  a  large  amount  of  the 
element  one  can  also  use  very  thin  layers  of  the  substance  (of  the  order  of  a  few  microns)  to  weaken  the 
hindering  effects  of  selective  excitation  and  absorption.  To  compensate  for  the  resulting  decrease  of  sensitivity, 
one  should  use  more  powerful  beams  of  primary  x-ray  radiation  [5J.  This  method  should  not  be  used  if  tlie  con¬ 
centration  of  the  element  is  low,  since  the  precision  of  analysis  of  thin  samples  is  considerably  lower  than 
analyses  of  "thick"  samples,  which  are  usually  made  in  the  form  of  briquettes  of  tlie  required  dimension  [28, 

29j.  The  binder  (which  dilutes  the  substance  at  the  same  time)  can  be  a  liglit  filler,  as  we  have  said  before, 
such  as  starch,  sugar,  graphite,  or  aluminum  powder.  If  tlie  sample  does  not  contain  elements  capable  of  in¬ 
ducing  selective  excitation  of  the  analytic  lines  of  the  element  being  determined,  u  -  effect  of  the  total  com¬ 
position  of  the  sample  on  tlie  result  of  fluorescent  x-ray  analysis  can  be  taken  into  ..ccount  easily  by  the  methods 
developed  by  Losev.  In  this  method  the  quantity  of  the  element  is  determined  by  the  method  of  external  standards 
with  a  correction  for  the  difference  between  the  mass  coefficients  of  the  analyzed  sample  and  the  standards  used 
to  draw  the  calibration  curve. 

Fluorescent  x-ray  analysis  is  sometimes  combined  with  chemical  or  radiometric  methods  to  increase  pre¬ 
cision  and  sensitivity.  Campbell  and  Carl  [30]  used  this  system  in  determining  U  and  Th. 

In  recent  yean  fluorescent  x-ray  radiation  has  found  one  very  important  industrial  application;  it  is  used 
to  determine  the  thickness  of  thin  protective  layers  without  injury  to  the  layer  or  the  base,  making  continuous 
quality  control  possible.  It  is  being  used  to  determine  the  thickness  of  a  layer  of  tin  or  zinc  in  the  manufacture 
of  tin  plate,  a  layer  of  ferromagnetic  powder  on  plastic  tapes  [31,  32],  and  the  thickness  of  lacquer  films  on 
metallic  or  glass  bases  [31-37].  The  minimum  thickness  which  can  be  measured  by  this  metliod  varies  with 
different  materials  from  1  to  80  p.  The  precision  of  measurement  is  approximately  3  to  6%, 

The  precision  of  fluorescent  x-ray  analysis  depends  to  a  great  extent  on  tlie  constancy  of  the  intensity  of 
the  primary  beam  of  x-rays  falling  on  the  surface  of  the  sample  and  the  standard.  During  the  early  years  of  the 
development  of  tliis  method  many  attempts  were  made  to  solve  this  problem  by  stabilizing  the  emission  of  the 
x-ray  tube,  i.e.,  the  generator  of  the  primary  x-ray  radiation.  However,  more  precise  results  have  been  acliieved 
with  the  so-called  monitor  metliod  [38,  39].  Tliis  method  makes  it  possible  to  obtain  precise  measurements  of 
relative  intensity  of  spectral  analysis  witliout  stabilizing  tlie  radiation  source.  The  radiation  is  partly  or  com¬ 
pletely  directed  away  from  tlie  basic  registration  apparatus  into  an  auxiliary  device  (the  so-called  monitor),  and 
the  intensity  of  spectral  lines  of  the  element  is  measured  by  the  main  counter  over  a  period  of  time  in  wliich 
the  monitor  counts  a  certain  number  of  impulses  decided  upon  in  advance,  usually  a  few  thousand.  Under  these 
conditions,  the  average  statistical  error  is  usually  of  the  order  of  2-5“|k,  and  is  independent  of  the  concentration 
of  the  element.  Some  investigators  prefer  other  variations  of  tlie  monitor  system  in  which  either  the  monitor 
automatically  maintains  the  intensity  of  the  primary  radiation  or  automatically  changes  the  sensitivity  of  the 
main  counter  [40]. 

The  logical  extension  of  the  monitor  idea  has  been  the  wide  development  of  two- channel  and  multichannel 
x-ray  spectrometers,  the  so-called  quantometers  [41-46].  With  tliese  devices  one  can  make  very  rapid  quanti¬ 
tative  analyses  of  several  elements  simultaneously  in  a  series  of  samples  of  the  same  type.  A  diagram  of  the 
simplest  of  these  apparatus  —  a  two- channel  spectrometer  —  first  proposed  by  Drahokoupil  and  Maresh  [47] 
is  shown  in  Fig.  1.  It  consists  of  two  two-crystal  spectrometers  registering  the  fluorescent  radiation  of  a  sample. 
Each  of  these  spectrometers  measures  the  intensity  of  the  analytical  lines  of  one  of  tlie  two  elements  present  in 
the  sample,  one  of  them  being  the  element  to  be  determined  and  the  other  the  reference  element.  Apparently, 
the  ratio  of  tlie  intensity  of  the  lines  of  the  two  elements  does  not  depend  on  the  variation  of  the  conditions  of 
the  radiation  source,  and  can  be  determined  with  great  precision.  Later,  quantameters  witli  a  great  number  of 
channels  were  constructed  —  three,  eight,  and  even  twenty- four  (iiltranieiers).  Diagrams  of  some  of  them  are 
shown  in  Figs.  2,  3,  and  4.  In  all  cases,  they  are  combinations  of  several  spectrometers  of  tlie  same  type  in 
which  tlie  fluorescent  radiation  from  tlie  element  being  measured  is  directed  onto  the  crystal  analyzer.  Each 
of  the  spectrometers  is  meant  to  measure  the  intensity  of  the  analytical  lines  of  a  given  element  with  an 
electronic  counter.  Since  a  greater  number  of  channels  can  be  situated  around  a  radiation  source  in  the  vertical 
plane  than  in  the  horizontal  plane,  the  quantameters  with  tlie  greatest  number  of  channels  arc  usually  of  a  con¬ 
struction  similar  to  tliose  shown  in  Figs.  3  and  4.  When  plane  crystal-analyzers  are  used  in  these  apparatus, 
so-called  Soller  diaphragms  (Fig.  4)  are  used  at  ilie  same  time.  However,  in  the  latest  x-ray  quantameter, 
constructed  by  Gesler,  Kemp,  and  Jones,  a  bent  crystal  is  used. 
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In  cases  wliere  tlie  resolving  power  of  the  method  can  be  low,  the  spectral  composition  of  tlie  x-ray 
radiation  can  be  studied  witliout  the  crystal  analyzer  if  one  uses  proportional  counters  simultaneously  witii 
amplitude  analyzers  for  registering  the  intensity  of  x-ray  radiation.  Such  an  apparatus  was  recently  described 
by  Cosslet  and  Duncumb  t48j. 
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Fig.  1.  Diagram  of  a  two-channel  x-ray 
spectrometer.  Z)  Sample;  Kj,  K2,  Kj’, 
Kj*)  crystals;  P,  P’)  registering  apparatus. 


Fig.  2.  Diagram  of  a  three- channel  x-ray 
spectrograph,  y)  X-ray  tube;  A)  sample; 
Kj,  Kj,  K8)  bent  crystal- analyzers;  P) 
registering  apparatus. 


Fig.  3.  Diagram  of  a  multichannel  x-ray 
spectrograph.  T)  X-ray  tube;  A)  sample; 
M)  monitor;  K)  one  of  the  bent  crystal- 
analyzers;  P)  registering  apparatus. 


Fig.  4.  Diagram  of  a  multichannel  x-ray 
spectrograph  with  plane  crystals,  l)  X-ray 
tube;  2)  sample;  3)  Soller  diaphragm; 

4)  crystal;  5)  registering  apparatus. 


Ahsorptional  X-ray  Spectral  Analysis 

During  recent  years,  tlie  method  of  ahsorptional  x-ray  spectral  analysis  has  found  wide  applications  in 
industry,  particularly  tlie  oil  industry  [49,  50].  The  bases  of  this  method  were  worked  out  in  the  middle  twenties 
by  Glocker  and  Frohmayer  [51],  It  is  particularly  useful  for  determining  the  concentration  of  heavy  metals  in 
gases,  liquids,  and  plastics.  The  simplest  variation  of  tlie  ahsorptional  metliod  of  analysis  —  in  which  the  con¬ 
centration  of  the  element  to  be  measured  is  determined  by  tlie  variation  of  tlie  intensity  of  a  beam  of  x-rays 
after  they  have  passed  tlirough  a  standard  plane  parallel  layer  of  the  substance  investigated  —  is  useful  only  to 
determine  tlie  concentration  of  one  heavy  metal  in  a  standard  medium  not  containing  absorbing  impurities. 
Nevertheless  such  x-ray  photometers  are  used  successfully  to  measure  tlie  concentration  of  sulfur  in  carbohydrates 
[52,  53]  and  the  concentration  of  lead  in  oil  or  gasoline  [54].  Tlie  sensitivity  of  tliis  metliod  is  approximately 
0.2- 0.5  %.  The  relative  precision  is  about  10%  where  concentrations  are  10  times  higher  tlian  tlie  sensitivity. 
Tlie  precision  decreases  considerably  with  decreasing  concentrations  of  the  element  to  be  measured.  The  time 
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necessary  for  such  an  analysis  is  5-15  minutes.  This  method  can  be  used  for  microscopic  investigation  of  multi- 
component  alloys  or  chemical  heterogeneities  in  these  alloys  [55j. 

Tlie  method  of  absorptional  x-ray  spectral  analysis  based  on  the  use  of  the  values  of  K  or  L  absorption 
jumps  in  the  elements  to  be  measured  has  much  greater  possibilities  of  application.  With  this  method,  it  is 
possible  to  determine  quantitatively  the  amount  of  an  element  in  the  presence  of  ether  elements.  Tins  method, 
which  by  analogy  with  optics  could  be  called  the  x-ray  spectrophotometric  method,  is  characterized  by  a  greater 
precision  (approximately  5%)  and  greater  sensitivity  (approximately  0.1  *70)  tlian  the  photometric  method  described 
previously.  There  are  two  variations  of  the  metliod.  In  some  cases,  quantitative  determination  of  an  element  in 
a  relatively  low  absorbing  medium  is  made  directly  with  tlie  calibrated  curve  expressing  die  relationship  between 
the  magnitude  of  the  absorption  jump  of  tlie  element  and  its  concentration  in  a  layer  of  constant  thickness  of  the 
sample  being  investigated.  In  the  other  variation  one  chooses  two  spectral  lines  located  at  each  side  of  the 
absorption  edge  of  a  given  element  to  determine  the  amount  of  the  element,  and  for  analysis  one  uses  the  curve 
representing  the  relationship  between  the  relative  intensity  of  the  line  as  a  function  of  the  concentration  of  the 
element  in  the  absorbing  layer.  Despuyoles  used  diis  method  to  determine  the  concentration  of  zinc  in  calcium 
and  silicon  [56].  Engstrom  [57]  has  determined  the  concentration  of  iron  in  waters  of  different  mineral  com¬ 
position,  and  Orahokoupil,  using  an  original  two- channel  apparatus  with  photographic  registration  of  the  radia¬ 
tion,  determined  the  concentration  of  lead  in  aqueous  solutions  which  also  contained  considerable  amounts  of 
SlOj  [58]. 

The  same  method  has  been  used  in  other  investigations  to  determine  die  diffusion  of  relatively  heavy 
elements  in  opaque  media  [59]. 

X-Ray  Spectral  Analysis  of  Microvolumes  of  Samples 

In  recent  years  a  new  and  quite  promising  rnediod  of  x-ray  spectral  analysis  has  been  developed  for  de¬ 
termining  die  chemical  composition  of  microvolumes  of  substances.  This  development  became  possible  after 
Castaitig  and  Guilder  [60-62]  developed  a  microanalyzer  widi  high  resolving  power  in  1951-1953.  The  basis 
of  the  apparatus  is  a  microfocusing  x-ray  tube  connected  widi  an  optical  metallographic  microscope.  A 
special  electron- optical  system  forms  a  diin  electronic  probe  which  bombards  a  small  area  of  the  polished 

sample  (of  the  order  of  1  p  in  diameter)  placed  on  die  anode,  and 
excites  x-rays  whose  spectral  composition  is  analyzed  with  an  ordinary 
x-ray  spectrograph  with  a  bent  crystal.  A  diagram  of  die  Castaing 
microanalyzef  is  shown  in  Fig.  5.  Most  of  the  newly  developed 
apparatus  for  determination  of  die  chemical  composition  of  micro- 
volumes,  and  in  particular  die  apparatus  constructed  and  used  by  a 
group  at  the  IMET  of  die  Academy  of  Sciences  of  the  USSR  and 
GOI,  are  constructed  on  die  same  principle.  In  diese  microanalyzers 
(Fig.  6)  the  positioning  of  die  electron  probe  on  a  definite  point  of 
the  sample  is  controlled  with  an  optical  microscope  widi  a  magnifying 
power  of  300-400.  Such  a  higli  power  microscope  is  necessary  because 
of  the  small  size  of  the  area  being  analyzed.  Tlic  extreme  smallness 
of  tliis  area  makes  special  demands  on  the  design  of  die  electron- 
optical  system  of  the  microanalyzer;  various  investigators  have  met 
these  demands  in  different  ways  widi  different  degrees  of  success. 

The  intensity  of  die  diaphragmed  x-ray  radiation  is  registered  by 
quantum  counters  whose  types  and  details  of  construction  depend  on 
the  region  of  the  x-ray  spectrum  being  used. 

The  microanalyzer  may  be  used  either  to  make  a  spectral 
analysis  for  several  elements  "at  a  point"  or  to  determine  the 
distribution  of  one  element  in  a  cliosen  direction.  In  the  latter  case, 
the  sample  is  moved  under  the  electron  beam  in  a  definite  direction 
and  the  intensity  of  the  analytical  line  of  the  clement  is  registered 
automatically.  To  determine  the  absolute  concentration  of  an 
element  at  a  chosen  point  of  the  sample,  the  intensity  of  its  analytical 


Fig.  5.  Diagram  of  die  Castaing  and 
Guinier  microanalyzer.  l)  Electron 
gun;  2)  diaphragm;  3)  first  con¬ 
verging  electrostatic  lens;  4)  aperture 
diaphragm;  5)  second  converging 
electrostatic  lens;  6)  sample;  7) 
x-ray  spectrometer;  8)  mirror;  9) 
objective  of  the  optical  metallographic 
microscope;  HV)  high  voltage. 
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line  is  compared  witli  the  intensity  of  the  same  line  of  a  standard.  The  theoretical  bases  of  the  method  of 
analysis  "at  a  point"  are  described  in  detail  by  Castaing  and  Descamps  [63,  64].  However,  considerable  work 
remains  to  be  done  in  this  area. 


Fig.  6.  Theoretical  diagram  (a)  and  general  appearance  (b) 
of  the  RSASh-2  microanalyzer  constructed  by  Borovskii  and 
ll'in  with  tlie  beam  focused  by  tlie  Du  Mond  method. 


Tlie  construction  of  microanalyzers  sufficiently  perfected  to  investigate  different  regions  of  the  spectrum 
and  to  analyze  a  large  number  of  elements  has  been  pursued  throughout  tlie  world  ever  since  Castaing  and 
Guinier  publislied  tlie  basic  work.  The  various  results  of  tliis  development  have  been  summarized  in  recent  years 


in  several  national  and  international  symposia  and  meetings.  In  tlie  USSR  intense  work  in  this  direction  was 
first  begun  in  the  IMET  of  the  Academy  of  Sciences  of  the  USSR,  and  somewhat  later  in  GOI,  where  several 
ntodels  of  microanalyzers  are  presently  being  developed  and  applied  for  the  solution  of  a  number  of  theoretical 
and  practical  problems,  both  in  vacuum  and  nonvacuum  [65-68J.  These  models  are  the  basis  of  a  considerable 
amount  of  work  being  done  in  industry  to  develop  mass  production  of  microanalyzers. 

Tliese  microanalyzers  make  possible  the  quantitative  determination  of  elements  from  Mg  to  U  with  a 
sensitivity  of  the  order  of  0.05-0.5%.  The  concentration  curve  can  be  automatically  registered  when  the  con¬ 
centration  of  tlie  element  is  between  0.2  and  0.5%.  With  a  suitable  choice  of  tlie  rate  of  motion  of  the  table 
holding  the  sample  and  of  the  recorder  chart  one  can  obtain  concentration  curves  widi  a  magnification  of  400 
to  1600  times. 

Cosslet  and  Duncumb’s  so-called  projection  microanalyzer  [69]  was  a  further  development  of  the  idea  of 
tlie  Castaing  microanalyzer.  In  this  microanalyzer  the  electron  probe  covers  a  given  surface  of  the  sample  and 
makes  it  possible  to  observe  on  a  television  screen  the  magnified  (more  than  10  times)  picture  of  the  distribution 
of  chemical  elements  on  die  surface  of  the  metallographic  sample.  Photographs  of  the  area  of  die  screen  in 
which  the  element  is  present  take  the  form  of  white  spots  on  a  black  background.  Analysis  of  the  spectra  is  made 
widiout  a  crystal  by  use  of  a  proportional  counter  and  a  single- channel  amplitude  analyzer,  which  isolates  im¬ 
pulses  corresponding  to  the  spectral  lines  of  the  element. 

There  are  many  possibilities  in  various  areas  of  science  for  the  application  of  both  types  of  microanalyzers. 
The  high  local  sensitivity  of  the  microanalyzer  (up  to  10”^  g),  the  great  precision  in  selection  of  the  area 
to  be  examined,  and  the  automatic  registration  ot  the  concentration  curve  make  it  possible  to  solve  a  series  of 
important  problems  very  rapidly.  Previously,  even  a  statement  of  the  problem  was  Impossible  in  many  cases 
because  of  die  lack  of  a  quantitative  method  of  investigating  microcomposition.  Among  these  problems  are  the 
analysis  of  the  phase  composition  of  multicomponent  alloys,  the  degree  of  homogenization  of  the  alloy,  the 
topology  of  die  distribution  of  the  alloyed  elements  in  the  alloy  and  their  redistribution  during  the  process  of 
aging,  deformation,  or  heat  treatment,  and  also  the  diffusion  processes,  the  determination  of  diffusion  constants, 
and  the  study  of  diffusional  and  other  intermediate  layers,  particularly  the  grain  boundaries  in  alloys,  the  processes 
occurring  at  die  boundaries,  etc.  [67,  70j.  The  new  method  has  been  particularly  fruitful  in  investigations  of  the 
composition  of  phases  of  various  metal-ceramic  compositions  [71]  and  die  investigation  of  processes  accompanying 
welding  of  some  heat-resistant  alloys  [72]. 

The  mediod  of  analysis  of  microvolumes  can  also  be  applied  to  die  investigation  of  nonmetallic  substances 
in  chemistry,  mineralogy,  and  geochemistry  [73,  74].  In  diis  case,  it  is  necessary  to  condense  a  thin  layer 
(approximately  0.1  p)  of  a  light  metal  —  aluminum  or  beryllium  —  on  the  surface  of  the  polished  sample 
(to  prevent  migration  of  die  beam  along  die  surface).  The  method  can  also  be  used  in  mineralogy  to  determine 
die  composition  of  grains  and  analyze  minerals  [75]. 

Use  of  X-Ray  Spectra  for  Investigations  of  the  Nature  of  Chemical  Bonds, 
Particularly  Atomic  Interactions  in  Compounds 

Up  to  now,  we  have  examined  different  mediods  of  applying  x-ray  spectra  to  the  study  of  the  elementary 
chemical  composition  of  substances.  For  this  purpose,  one  usually  uses  the  long  wavelengdi  radiation  from  the 
K  ot  L  series  of  elements.  Tlie  wavelength  and  the  shape  of  the  wave  are  practically  independent  of  the 
chemical  composition  of  die  substance  or  the  type  of  chemical  bond  between  atoms  of  die  compound,  while 
the  intensity  is  directly  proportional  to  the  number  of  atoms  of  the  element  in  the  volume  of  the  sample  in¬ 
vestigated.  It  is  one  or  the  odier  use  of  this  dependence  which  is  die  basis  of  any  method  of  quantitative  analysis. 

However,  diere  exists  in  die  x-ray  spectrum  another  group  of  lines,  which  appear  as  the  result  of  die 
transfer  of  valence  electrons  of  die  atoms  to  the  deeper  K  or  L  energy  levels.  The  energy  state,  the  relative 
intensity,  and  the  shape  of  the  line  depend  on  the  chemical  or  physical  state  of  the  atoms  in  the  compound,  and 
dierefore,  they  are  very  sensitive  indicators  of  any  change  in  die  character  of  die  chemical  bonds  between  atoms 
of  die  substance.  Thus,  examination  of  the  spectral  characteristics  of  this  group  of  lines  of  the  spectra  of  the 
atoms  of  different  elements  in  the  substance,  or  the  investigation  of  die  so-called  fine  structure  of  the  absorption 
spectra  should,  in  principle,  make  it  possible  to  determine  experimentally  the  nature  of  chemical  bonds,  and 
particularly  the  atomic  interactions  in  different  compounds.  However,  die  necessary  condition  for  this  study  is 


342 


a  development  of  tlie  theory  of  fine  strueture  of  x-ray  spectra,  die  development  of  mediods  of  calculation  and 
correction  of  various  kinds  of  errors  whicli  modify  experimental  results,  and  the  construction  of  apparatus  with 
very  high  dispersional  and  resolving  power  which  can  be  conveniently  used  for  such  experiments.  In  recent  years 
a  great  number  of  results  has  been  obtained  in  diis  area. 

A  method  of  interpreting  x-ray  spectra  based  on  definite  pliysical  concepts  has  been  developed  [75-82J. 
Improved  metliods  have  been  introduced  to  correct  the  shape  of  spectra  deformed  by  imperfections  of  die 
apparatus  resulting  from  die  finiteness  of  the  widdi  of  the  internal  energy  levels  of  die  atoms  [1].  And  a  high 
power  apparatus  with  adequate  resolving  power  has  been  constructed  [1,  3J.  These  developments  have  made 
die  x-ray  spectral  mediod  into  one  of  die  most  effective  modem  tools  of  investigation  of  chemical  bonds  and 
compounds,  particularly  solids,  and  have  made  it  possible  to  solve  many  problems  which  previously  could  not 
be  studied  by  any  other  means.  In  a  number  of  cases  die  fine  structure  of  die  x-ray  spectra  of  atoms  and 
molecules  allows  one  to  calculate  dieir  ionization  potential  and  polarization  capacity  in  compounds  [77J,  die 
charge  of  die  absorbing  ion  in  the  molecule  [82J,  and  also  to  check  experimentally  the  type  of  chemical  bonds 
in  compounds  and  the  character  of  die  hydration  of  atomic  functions  [83,  84j.  Thus,  the  application  of  the 
mediod  of  x-ray  spectral  analysis  to  investigation  of  die  nature  of  chemical  bonds  in  hydrides,  carbides,  nitrides, 
borides,  and  silicides  of  transition  metals  (which  have  high  resistance  at  high  temperature,  hardness,  high  re¬ 
sistance  to  activation,  and  other  useful  properties),  has  made  it  possible  to  check  experimentally  many  physical 
concepts  in  diis  area  of  contemporary  metallurgy,  and  has  led  to  die  discovery  of  a  series  of  new  facts  and 
relationships  [85-88J.  Tlie  application  of  x-ray  spectral  analysis  to  crystals  exhibiting  electrooptical  activity 
has  also  been  very  effective.  In  the  case  of  titanates  of  die  elements  of  the  second  period,  it  was  shown  diat 
the  fine  structure  of  the  edge  of  the  titanium  absorption  spectra  is  very  sensitive  to  changes  in  the  state  of 
polarization  of  the  transition  metals  in  the  compounds  and  to  the  transfer  of  material  in  the  electrooptical 
state.  It  was  also  shown  diat  in  principle  one  can  determine  in  this  way  the  value  of  the  internal  field  in 
crystals  exhibiting  electrooptical  activity  [93j.  The  relationship  between  the  fine  structure  of  x-ray  spectra 
and  tlie  magnetic  state  of  the  substance  has  made  it  possible  to  carry  out  a  number  of  interesting  investigations 
of  different  magnetic  materials  —  ferro  and  antiferromagnetics  and  ferrites  [84,  94-lOOj  —  and  also  to  investi¬ 
gate  die  nature  of  some  types  of  magnetic  transformations  in  metals  and  alloys  [95j.  A  number  of  investigators 
have  shown  that  x-ray  spectral  analysis  can  be  applied  to  die  investigation  of  die  nature  of  chemical  bonds, 
particularly  of  atomic  interactions  within  complexes  either  in  solutions  or  in  solid  state  [101-109J.  Very 
promising  is  die  application  of  the  mediod  to  the  investigation  of  die  energy  structure  of  electron  spectra  in 
metals  and  alloys  and  its  relationship  to  the  composition  of  die  alloy,  the  temperature,  and  also  die  chemical 
nature  and  concentration  of  small  amounts  of  impurities  (including  die  alloyed  elements)  which,  as  is  well 
known,  often  drastically  change  the  physical  properties  of  pure  metals  and  alloys  [9G,  98,  110,  lllj.  Numerous 
odier  examples  could  be  given. 

In  this  review  we  have  only  briefly  indicated  a  few  basic  directions  in  the  development  of  x-ray  spectral 
analysis  in  recent  years  and  its  state  at  the  present  time.  This  review  shows  how  fast  diis  relatively  new  method 
of  physicochemical  investigation  has  developed  and  die  extent  of  die  possibilities  of  its  applications  in  chemistry  , 
physics,  geology,  and  metallurgy  at  die  present  time.  Further  development  of  the  possibilities  of  die  method,  its 
improvement,  the  industrial  production  of  x-ray  apparatus,  and  new  applications  of  x-ray  analysis  to  the  solution 
of  theoretical  and  practical  problems  can  be  expected  in  the  near  future. 
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Tliis  review  deals  with  problems  of  the  crystal  structure  and  phase  behavior  of  normal 
paraffins  and  tJieir  solid  solutions,  which  provide  a  convenient  model  for  investigating  the 
structure  of  liigh  polymers.  The  experimental  results  are  considered  on  the  basis  of  the  theory 
of  dense  packing  of  cliain  molecules. 

1.  The  Structure  of  Normal  Paraffins 

Tlie  normal  paraffins  are  a  class  of  substances,  tlie  investigation  of  whose  structure  and  properties  is  of 
great  interest  for  various  reasons.  In  the  natural  state,  they  provide  the  main  component  of  petroleum.  They 
are  of  relatively  low  molecular  weight,  but  afford  an  intermediate  stage  in  the  transition  to  high  polymers. 
Paraffins  can,  with  complete  accuracy,  be  considered  as  polymers  of  low  molecular  weight.  It  is  natural  that 
investigation  of  polymer  structure  requires  a  detailed  understanding  of  the  simplest  members  of  tliis  class  of 
substance,  as  provided  by  the  normal  paraffins.  In  considering  tlieir  structures,  the  axes  of  all  n- paraffin 
molecules  are  always  parallel  to  each  otlier,  regardless  of  die  crystal  modification  under  review.  It  is  well 
known  tliat,  in  the  process  of  crystallization  of  polymers,  parallel  distribution  of  polymer  molecules  is  generally 
of  great  importance  tlj.  The  uniformity  of  structure  of  chain  substances,  such  as  low  and  high  polymers,  is  clearly 
shown  in  the  formation  of  uniform  subunits.* 

The  investigation  of  n- paraffins  is  of  great  importance  in  a  study  of  the  laws  of  organic  crystal  chemistry 
[2J.  It  is  obvious  that,  having  very  simple  structures,  tliey  are  tlie  most  suitable  for  this  purpose.  However,  until 
recently,  linear  analysis  of  tlie  packing  of  aromatic  molecules  has  played  a  major  role  in  the  development  of 
organic  crystal  chemistry.  Although  molecular  packing  density  and  molecular  symmetry  are  die  two  factors  which 
mainly  determine  the  structure  of  any  organic  crystal,  yet  die  organic  crystal  chemistry  of  linear  chain  molecules 
has  its  own  special  features. 

The  n- paraffins  are  of  interest  because  they  exist  in  different  polymorphic  forms.  Analysis  of  the  molecular 
packing  of  the  different  forms  may  lead  to  an  understanding  of  why  one  crystalline  modification  is  more  stable 
dian  another.  The  n- paraffins  make  it  possible  to  treat  polymorpliism  as  a  function  of  temperature  and  of  the 
number  of  carbon  atoms  in  the  chain. 

Investigation  of  n- paraffin  crystal  structure  began  more  than  25  years  ago,  and  has  not  been  discontinued 
in  recent  years.  It  may  now  be  considered  as  essentially  complete,  although  some  interesting  individual  problems 
still  require  solution. 


*  See  below  for  die  conception  of  subunits. 
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Tile  Configuration  of  die  Alipliatic  Chain 

In  all  compounds  in  which  the  carbon  atom  is  bonded  to  four  odier  atoms  identical  with  each  other,  as 
for  instance  CM4,CCl4,  etc.^^lie  ideal  tetrahedral  angle  between  the  bonds  is  observed.  The  case  which  interests 
us  is  a  simple  aliphatic  chain 

II  II  II  II 

I  I  I  I 

. . .  —  t:  —  c  —  c  —  c  . 

I  I  I  I 

II  II  II  II 

in  which  each  carbon  atom  is  bonded  to  two  other  C  atoms  and  to  two  H  atoms;  in  spite  of  the  nonidentity  with 
each  other  of  these  four  atoms,  the  bond  angles  are  very  close  to  the  tetrahedral,  although  there  are  some  regular 
deviations  described  below.  However,  this  fact  does  still  not  completely  determine  die  form  of  the  chain,  since 
die  various  links  can  rotate  about  the  single  bonds.  Relying  on  spectroscopic  and  thermal  data,  obtained  by  in¬ 
vestigation  of  vapors,  Pitzer  [3]  and  Taylor  [4J  concluded  that  not  all  rotational  positions  corresponded  to  a 
minimum  energy.  Thus  Taylor,  in  his  thermodynamic  calculations,  used  the  following  expression  for  the  relation 
between  potential  energy,  V  and  angle  of  rotation,  (p,  about  a  single  bond: 

1  -  r,)  |jr  (I  —  (  OS  <p)  I  ( I  ■ —  r)  (I  -  cos  3<f)), 

where  x  is  some  parameter.  Taylor’s  equation  gave  the  minimum  potential  energy  configuration  as  a  flat 
zigzag  of  carbon  atoms. 

Figure  1  shows  the  form  of  the  chain,  whose  axis  passes  through  the  centers  of  the  C-C  bonds.  The 
hydrogen  atoms  lie  in  planes  perpendicular  to  the  chain  axis.  The  H  — C~H  angles  ate  approximately  tetra¬ 
hedral.  The  minimum  potential  energy  corresponds  to  the  trans  configuration  (</>  =  O). 

A  structural  basis  can  be  given  for  the  energetic 
suitability  of  such  a  configuration.  For  this,  it  is  necessary 
to  consider  die  interaction  between  atoms  not  joined  by 
valency  bonds,  but  there  is  no  need  to  go  into  its  physical 
nature,  which  has  indeed  been  little  investigated.  It  is 
sufficient  to  note  diat,  for  each  pair  of  atoms  unlinked  by 
valency  bonds,  there  is  an  equilibrium  separation  equal 
to  die  sum  of  intermolecular  radii  of  these  atoms,  and 
that  the  intermolecular  attraction  curve  is  steep  on  die 
repulsion  side  and  slopes  more  gradually  on  the  attraction 
side.  The  angles  between  the  bonds  in  an  aliphatic  chain 
are  the  result  of  mutual  interactions  between  all  the  four 
atoms  bonded  to  each  particular  carbon  atom.  It  is  in¬ 
teresting  to  note  that,  according  to  structural  data  [5,  6J, 
the  C-  C  —  C  angle  is  always  greater  than  the  ideal  tetra¬ 
hedral  angle  (approximately  112*  instead  of  109.5*),  and 
this  is  readily  understandable  because  the  carbon  atom 
intermolecular  radius  =  1.8  A)  is  greater  than  diat  of  the  hydrogen  atom  (1^  =1.2  A),  It  is  this  feature  of 
the  intermolecular  interaction  which  determines  the  plain  zigzag  form  of  the  carbon  atom  chain.  It  is  evident 
from  Fig.  I  that  die  cis  configuration  (</>  =  180*)  leads  to  a  C|—  C'4  separation  of  2.7  A,  which  is  considerably 
less  than  2  R^,  =  3.6  A.  It  is  therefore  natural  that  the  minimum  energy  should  correspond  to  the  trans  con¬ 
figuration  (</>  =0").  The  plane  zigzag  form  of  the  molecule  is  found  in  all  n- paraffin  crystals. 

The  methylene  group  hydrogen  atoms  are  located  in  planes  passing  through  the  carbon  atoms  and  per¬ 
pendicular  to  the  chain  axes.  This  was  shown  well  in  the  electronographic  investigation  of  Vainshtein  and 
Pinsket[7].  The  H  -C“H  angles  are  approximately  108-109". 
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Fig.  1.  The  form  of  the  alipliatic  chain  and  the 
interaction  of  atoms,  not  connected  by  valency 
bonds,  which  determines  it. 
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The  Difficulty  of  Experimental  Investigation 

Investigation  of  the  structure  and  properties  of  these  simple  chain  compounds  is  of  great  tlieoretical 
interest.  However,  it  has  developed  very  slowly  because  of  a  number  of  specific  difficulties.  There  is  the 
difficulty  of  obtaining  individual  hydrocarbons  in  the  free  state,  uncontaminated  by  homologs,  and  there  is  the 
further  difficulty  of  converting  these  into  monocrystals  for  x-ray  structural  analysis.  There  is  also  the  fact  that 
the  n-alkanes  can  exist  in  different  crystalline  modifications,  so  tliat  the  investigator  of  their  physicochemical 
properties  requires  a  good  knowledge  of  the  crystal  structure  work  carried  out  by  other  authors.  The  absence  of 
close  contact  between  the  two  types  of  investigators  and  the  use  of  insufficiently  pure  samples  have  been  re¬ 
sponsible  for  the  appearance  of  a  number  of  erroneous  papers. 

The  Results  of  Experimental  Structural  Investigation 

Classification  according  to  crystal  modifications.  A. Muller  was  an  outstanding  investigator  of  n- paraffin 
structures,  and  his  main  conclusions  have  been  confirmed  by  later  workers.  The  first  of  his  systematic  investi¬ 
gations  was  carried  out  by  the  powder  method  [8,  19,  23,  29J.  However,  he  also  prepared  an  adequate  mono- 
crystal  of  n-CjgHeo  completely  determined  its  structure  [9J.  He  showed  that  the  crystal  molecules  consisted 
of  plane  zigzag  chains  of  carbon  atoms,  and  that  the  molecular  axes  were  parallel  to  each  other.  There  was  a 
plane  perpendicular  to  the  axes,  through  the  terminal  groups,  which  separated  one  layer  of  molecules  from 
another.  Interchange  of  tlic  layers  gave  identical  results,  so  that  the  structure  was  built  up  from  two  layers. 

The  elementary  cell  was  riiombic  with  parameters  a  =  7.45,  b  =  4.97,  and  c  =  77.2  A.  Muller  found  tliat  the 
space  group  was  Ppam  =  ,  with  Z  =  4;  but  Smith  [lOj,  using  purer  material,  subsequently  found  a  different 

space  group  =  V,“. 

Figure  2  shows  the  ab  face  of  the  elementary  cell, 
perpendicular  to  tlie  chain  axes,  which  Muller  showed  to 
be  the  basic  (principal)  plane.  The  cross-sectional  distribu¬ 
tion  of  molecular  chains,  shown  in  this  figure,  is  very 
characteristic  of  most  n- paraffins  and  many  otlier  chain 
compounds,  including  high  polymers.  In  tlie  latter  case 
there  are  no  complications  due  to  end  groups,  but  other 
complications  can  arise  associated  with  the  possibility  of 
replacement  of  carbon  atoms  by  atoms  of  a  different  sort, 
or  with  the  distribution  of  substituent  groups.  The  simplest 
case  is  tliat  of  polyetJiylene,  whose  structure  was  investi¬ 
gated  by  Bunn  [llj,  where  there  is  a  limitless  plane  zigzag 
of  methylene  groups.  Tliis  is  the  same  in  practiee  as  the 
structure  of  a  single  layer  of  paraffin  molecules  considered 
above,  if  it  is  imagined  that  tlie  number  of  carbon  atoms 
in  tlie  chain  n  -►  oo,  i.e.,  if  no  consideration  is  given  to 
any  special  packing  of  the  end  groups.  More  complicated 
structures  arc  possessed  by  polyetlicrs  (Fuller  and  his  co¬ 
workers  L12-15J,  Mnyukh  [16J),  fatty  acids  (Sydow  [17J), 
and  otlier  compounds  with  aliphatic  zigzag  chains,  but 
they  all  have  common  features. 

Vand  [18],  in  order  to  express  the  similarity  between 
the  different  structures  of  chain  molecules,  introduced  the 
conception  of  a  subcell  with  a  definite  distribution  of  methylene  groups.  The  most  common  type  of  subcell  is 
the  rhombic  polyethylene  cell,  with  ag  =  7.45,  bj  =  4.97,  and  Cq  =  2.54  A  (the  period  of  the  plane  aliphatic  zig¬ 
zag),  whose  ajbg  plane  is  shown  in  Fig.  2.  But  tliis  is  not  the  only  type  of  subeell.  Muller  [19J  noted  some 
differences  between  even  n- paraffins  having  long  and  shorter  chains.  To  explain  this,  Muller  suggested  that  the 
energy  of  a  crystal  should  be  broken  down  into  two  components,  one  dependent  on  the  lateral  interaction  of  the 
chain  molecules,  the  otlier  on  the  interaction  of  the  ends.  The  relative  values  of  these  would  alter  on  changing 
to  a  shorter  molecule,  and  this  would  produce  a  change  in  the  crystal  structure. 


Fig.  2.  The  ab  face  of  the  rhombic  cell  of 
paraffin.  This  shows  die  mutual  distribution 
of  molecules  whose  axes  are  perpendicular 
to  the  paper.  The  atoms  arc  denoted  by 
white  and  black  circles,  located  at  different 
levels  in  a  direction  perpendicular  to  the 
paper.  The  distance  between  these  levels 
is  Co/2  =  1.27  A. 
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In  1918  Muller  and  Ix)nsdale  [20)  published  tlie  results  of  an  investigation  of  the  n-C|gH38  crystal  cell, 
showing  tliat  it  was  triclmic.  Tlie  monocrystal  grown  by  Muller  was  imjx;rfect,  and  the  authors  only  used  it  for 
indicating  the  reflections  of  the  x-ray  powder  pattern.  The  n-Cj0fl3g  structure  was  based  on  a  different  type  of 
subcell,  which  was  not  resolved  by  tlie  autliors.  The  parameters  of  the  actual  cell  will  be  shown  here  in  a  sub¬ 
sequent  diagram.  The  presence  in  it  of  only  one  molecule  was  shown  by  the  mutual  parallelism  of  the  planes 
passing  through  the  carbon  atoms  of  the  zigzag  chains.  The  tricliinc  n-Cjjll3g  crystals  were  structurally  identical 
with  other  members  of  the  homologous  series,  with  an  even  number  of  carbon  atoms  frotii  Cg  to  Cjg  [10,  20,  21, 
22J. 

As  well  as  the  existence  of  two  crystal  modifications  in  the  even  n- paraffin  series,  differences  in  physical 
properties  have  been  found  between  even  and  odd  n- paraffins.  In  considering  tlie  cause  of  this,  Muller  [23J 
correctly  stated  that  it  was  associated  with  the  structure  of  the  whole  chain,  bearing  in  mind  the  difference  in 
symmetry  of  the  even  and  odd  molecules,  although  lie  did  not  use  this  terminology.  He  concluded  that,  as  we 
move  along  the  c  axis,  the  pattern  repeats  itself  every  second  molecule  in  the  crystal  of  an  odd  n- paraffin, 
while  all  the  successive  molecules  are  identically  situated  in  the  crystal  of  an  even  n-paraffin. 

A  different  conclusion  resulted  from  the  work  of  Kdilhaas  and  Soremba  [24j,  who  grew  a  monocrystal  of 
n-C3oHg2  and  investigated  it  by  tlie  x-ray  method.  They  found  a  rhombic  cell,  identical  witfi  the  elementary 
cell  of  n-C29Hgo.  It  later  transpired  that  tlieir  result  was  in  error,  since  their  n-C3QHg2  was  inadequately  purified 
from  traces  of  homologs  [lOj.  Nevertheless,  their  work  was  of  interest  in  showing  how  small  amounts  of  con¬ 
taminant  could  alter  the  structure. 

As  well  as  elucidating  the  structures  of  individual  members  of  the  n-paraffin  homologous  series,  some 
autliors  have  investigated  the  relation  between  various  parameters  and  the  number  of  carbon  atoms  in  the  chain. 

This  work  assists  in  tlie  classification  of  n- paraffins  according 
to  crystal  modifications  witliout  detailed  investigation  of  all 
members  of  the  homologous  series.  Thus,  Piper  and  his  co¬ 
workers  [25,  26J  carried  on  the  work  begun  by  Muller  [19]  on 
precise  measurement  of  the  large  period.  The  "large"  or 
"long"  period  is  the  name  given  to  tlie  distance  between  the 
planes  of  the  crystal  lattice  passing  through  the  end  groups  of 
chain  molecules.  A  more  suitable  term,  which  we  shall  use, 
is  tlie  "interlayer  spacing."  This  spacing  is  of  the  order  of 
magnitude  of  the  chain  length  of  one  molecule  and  can  easily 
be  studied,  since  the  corresponding  line  on  the  x-ray  powder 
pattern  can  be  separated  without  difficulty  because  it  lies  in 
the  region  of  relatively  low  scattering  angle  0. 

The  results  of  these  investigations,  partially  corrected  by 
taking  account  of  the  work  of  other  authors  [10,  27]  is  shown  in 
Fig.  3.  This  gives  a  clear  picture  of  how  the  members  of  the 
n-paraffin  homologous  series  belong  to  different  crystalline 
modifications.  Tlie  points  for  all  the  odd  n- paraffins  lie  on  a 
single  straight  line  A.  These  have  a  structure  with  a  rliombic  subcell  and  straight  layers,  as  interpreted  by  Muller 
(for  C29Heo)  and  Smith  (for  C23H48).  The  triclinic  paraffins  (even  members  of  tlie  homologous  series  up  to  Cjj) 
are  built  up  from  slanting  layers,  since  the  line  passing  through  the  corresponding  points  lies  somewhat  below. 

As  stated  above,  tlie  elementary  cell  was  determined  for  n-CigH3g  by  Muller  and  Lonsdale;  a  =  4.28,  b  =  4.82, 
c  =  23.07  A,  a  =  91*6',  6  =  92“4',  y  =  107"18',  djQi  =  23.04  A,  Z  =  1.  The  subcell  type  and  crystal  structure 

of  n-paraffin  crystals  of  this  group  were  determined  by  Kitaigorodskii  and  Mnyukli  [28]  (see  below).  Even  n- 
paraffins  from  C28  upward  have  a  rliombic  subccll  and  a  packing  with  still  more  sloping  layers,  since  the  line  C 
representing  them  in  Fig.  3  lies  still  lower.  The  crystal  structure  of  this  group  was  investigated  by  Shearer  and 
Vand  [5],  using  n-C36H-j|.  The  actual  cell  is  monoclinic  with  two  molecules:  a  =  5.57,  b  =  7.42,  c  =  48.35  A, 

8  =119°6',  space  group  C2I1  =  2l.  The  rliombic  subcell  and  the  eixirdinates  of  the  carbon  atoms  in  it 

precisely  correspond  to  Bunn’s  [11]  findings  for  polyethylene,  and  also  to  those  of  Vainshtein  and  Pinsker  [7]  for 
a  paraffin  mixture  of  undetermined  composition. 


No.  of  carbon  atoms  in  chain 

Fig.  3.  Relation  between  interlayer  spacing 
and  the  number  n  of  carbon  atoms  in  the 
chain.  The  symbol  •  denotes  the  corre¬ 
sponding  value  for  the  rliombic  structure, 
which  exists  when  the  degree  of  purity  is 
not  high  enough. 
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Phase  Changes.  In  addition  to  the  crystalline  forms  considered  above,  there  is  still  anotlier  stable  fornt 
in  which  n- paraffins  can  exist.  At  a  temperature  near  tlie  melting  point,  Muller  (29]  discovered  a  reversible 
phase  change  in  which  the  angle  between  the  diagonals  of  the  face  of  the  rhombic  elementary  cell,  shown 
in  Fig.  2,  acquired  a  value  of  60*,  and  the  symmetry  was  thus  increased  to  tlie  hexagonal  state.  Tliis  form 
corresponds  to  a  dense  packing  of  cylinders  and  is  a  particular  case  of  tlie  gaseous  crystalline  state,  which  is 
characterized  by  a  strict  ordering  in  the  distribution  of  centers  (or  axes)  of  molecules  and  a  lack  of  order  in 
their  azimuthal  repetitions.  This  is  quite  a  widespread  phenomenon  [30,  32J. 

The  most  complete  representation  of  the  phase  behavior  of  n- paraffins  is  given  in  a  graph  (Fig.  4)  con¬ 
structed  by  Schaerer  and  his  co-workers  [33],  which  shows  melting  points  and  temperatures  for  reversible  phase 
chang&in  the  solid  state.  *  In  this,  tlie  authors  used  new  data  for  very  pure  samples  [21].  There  is  no  doubt 
about  the  experimental  part  of  the  work  [33]  but  the  treatment  of  the  results  is  incorrect. 


Fig.  4.  The  graph  of  Schaerer  and  his  co-workers,  incorporating 
all  the  reliable  information  on  the  phase  changes  of  n- paraffins. 


Some  corrections  have  been  made  in  Fig.  4,  and  a  symbol  is  given  to  show  the  nature  of  the  crystalline 
(low  temperature)  modification  of  each  member  of  the  homologous  series.  The  range  of  existence  H  of  the 
modification  is  denoted  on  the  grapli  by  a  vertical  line:  T  is  tlie  n-Cje  type  triclinic  structure;  R  is  the  n-Cza 
and  n-C29  rhombic  structure;  is  die  11-035  monoclinic  structure  with  R  type  subcell;  H  is  the 
hexagonal  crystalline  gas  structure. 

It  is  obvious  from  Fig.  4  (and  its  audiors  agree  with  this  view)  that  there  is  an  alternation  in  melting  point 
with  members  of  the  series  below  C20,  and  that  there  is  no  alternation  in  melting  point  above  this,  though  there 
is  an  alternation  in  the  point  of  phase  change  in  the  solid  state.  In  fact,  in  the  range  from  n-C^5to  n-Cjo.tht-'  melting 
points  of  even  members  of  the  series  lie  on  a  curve  which  is  above  that  for  the  odd  members;  a  crystalline  gas 

*  The  Cji  and  C25  n-paraffins  occupy  a  structurally  intermediate  position,  and,  compared  with  other  n-paraffins, 
show  a  more  complicated  phase  behavior  which  has  still  not  been  fully  investigated. 
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structure  near  tlic  melting  point  is  only  observed  witli  the  odd  members.  However,  with  ionger  chain  lengtli, 
we  see  tliat  all  members  show  a  crystalline  gas  modification  in  a  corresponding  tetnperature  range,  and  the 
melting  points  lie  on  a  single  curve,  whereas  the  points  for  phase  change  in  the  solid  state  lie  on  different 
curves  for  tlie  even  and  odd  members.  Schaerer  and  his  cp- workers  attempted  to  explain  this  phenomenon 
without  realizing  tliat  n-paraffins  could  exist  in  different  crystalline  modifications.  We  have  spoken  above 
of  rhombic,  triclinic,  monoclinic,  and  hexagonal  cells,  but  they  only  considered  two  crystalline  modifications 
—  S(y  and  Sg .  Considering  Fig.  4  afresh,  it  is  not  difficult  to  draw  the  following  conclusions.  The  alternation 
in  physicochemical  properties  between  the  even  and  odd  n-paraffins  is  associated  with  the  alternation  in  their 
type  of  crystal  structure;  for  the  shorter  chains,  R  and  11  of  the  odd  members  alternate  with  T  of  the  even,  while, 
for  the  longer  chains,  R  alternates  with  Mp.  It  is  quite  natural  that  there  should  be  no  alternation  in  the  existence 
of  an  11  modification  above  C22,  since  for  all  members  of  the  series,  odd  or  even,  the  crystalline  gas  structures 
can  be  considered  as  isomorphous. 

The  Theory  of  Packing  Density  of  Chain  Molecules 

All  the  information  on  the  structure  of  n-paraffins  was  recently  reduced  to  a  single  system  in  ihe  theoretical 
investigation  of  Kitaigorodskii  [34  -  36  ,  28j.  Starting  from  the  general  principles  of  dense  packing  of  molecules 
in  organic  crystals,  developed  by  himself  [2J,  he  showed  that,  in  the  case  of  chain  molecules,  it  was  p«'ssible  to 
use  geometrical  analysis  to  predict  a  small  number  of  possible  crystal  structures,  which  included  all  the  actual 
structures  found  up  to  the  present.  Investigation  was  greatly  assisted  by  tlie  following  postulate,  which  was  used 
as  a  starting  point:  The  structure  always  consists  of  layers  of  plain  zigzag  molecules,  with  their  axes  parallel. 

The  problem  of  molecular  packing  may  be  split  up  into  two  parts  —  packing  of  molecules  in  layers  and  packing 
of  layers.  Let  us  consider  these  in  general  terms. 

If  the  chains  are  distributed  randomly  in  azimutli  (rotating  about  their  axes),  then  the  mean  cross  section 
will  be  circular  and  there  will  be  a  circular  (hexagonal)  packing.  Two  types  of  dense  layers  are  possible  in  the 
case  of  molecules  of  arbitrary  cross  section:  witli  oblique  angle  and  with  right  angle  cells.  All  three  types  of 
packing  are  shown  in  Fig.  b,  where  the  cross  section  is  represented  by  an  arbitrary  contour. 


Fig.  5.  Three  possible  types  of  dense  packing 
of  tlie  cross  sections  of  chain  molecules:  a) 
hexagonal,  b)  oblique  angled,  c)  right 
angled  cell. 


Fig.  6.  Types  of  dense  distribution  of  a  pair  of 
alipliatic  chains  (the  chain  axes  are  perpendicular 
to  die  plane  of  the  paper). 


For  geometrical  structural  analysis,  it  is  first  necessary  to  give  a  solid  form  to  die  aliphatic  molecule  in 
accordance  with  the  rules  of  organic  crystal  chemistry,  i.e.,  to  use  the  standard  intermolecular  radii  for  the 
carbon  and  hydrogen  atoms  (such  molecular  models  are  shown  in  Figs.  7  and  10).  Analysis  begins  with  con¬ 
sideration  of  die  densest  spacing  of  two  molecular  chains  of  infinite  length.  This  can  only  happen  when  a 
hydrogen  atom  of  one  molecule  fits  into  a  "recess"  between  three  hydrogen  atoms  of  the  accompanying  mole¬ 
cule.  Two  types  of  such  tight  contact  can  exist  between  parallel  molecules,  differing  by  a  simple  translationary 
movement.  Tliese  arrangements,  tj^  and  t-j-,  are  shown  in  Figs.  6  and  7.  Arrangement  tj^  of  Fig.  6  corresponds 
to  case  b  of  Fig.  5,  when  the  planes  of  die  zigzags  are  not  parallel.  Each  of  these  three  types  of  chain  pair 
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arrangements  gives  a  separate  dense  packing.  Scheme  tj  gives  a  structure  with  a  triclinic  subcell  *  (T),  tjy^ 
gives  a  monoclinic  subcell  (M),  and  tp  gives  a  rhombic  subcell  (R). 

Further  use  of  geometrical  analysis  soon  leads  to  a  derivation  of  the  structure  obtained  from  tlie  arrange¬ 
ment  tj.  The  two  molecules,  joined  in  this  way,  themselves  determine  a  method  of  packing  an  infinite  series 
of  molecules  in  one  of  the  directions  (a^  in  Fig.  12)  in  the  crystal.  A  dense  superposition  of  two  such  series  can 
be  found  without  difficulty  by  geometrical  construction,  or  witli  the  aid  of  molecular  models.  It  is  achieved  by 
a  translation  bj  perpendicular  to  the  axes  of  tJie  molecules.  We  thus  find  a  unique  distribution,  leading  to  a 
coordination  of  G  (Fig.  12).  This  is  an  ideal  structure  in  which  all  the  iniermoleciilar  H  -H  spacings  are  tlie 
same.  If  Rj^  is  taken  as  1.3  A,  we  have  a  cell  containing  two  CH2  groups  and  with  the  following  parameters; 

/lo  -=  'i.3/\  3t  no’. 

hn  -  3  I ^7. .3"’ 

To  -  2M\.  T  -=  U>2’ 

Ideal  parameters  can  be  obtained  similarly  for  the  R  and  M  cells.  The  results  are  shown  in  the  first  column 
of  Table  1.  These  elementary  cells  are  the  actual  ones  for  molecular  chains  of  infinite  length.  However,  a  layer 
of  finite  length  molecules  has  only  a  two  dimensional  periodicity  and  is  not,  of  course,  a  crystal.  In  this  case, 
the  cells  R,  M,  and  T,  formed  from  a  layer  of  molecules,  are  subcells,  i.e.,  they  cliaracterize  the  packing  of 
the  methylene  groups. 

TABLE  1 


Siibcell,  A 

Layer 

Cell  of  layer,  A 

^b 

n 

II  ((Ktj 

a  ■  4.8 

90 

90 

0 

/H". 

a  7,42; 

h  4,9G;  Y 
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90 

90 

0 

/<1‘'±21 

a  -  9,0; 
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ilO” 

90 

.33.3 
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7/.2 

/q  1  1  ,"i 
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90 

27 
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71 
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r„  2,5'. 

«H:', 

a  7,83. 
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03 

71 

31  ,3 
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M 
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rt  4,2; 
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111° 

90 

90 

0 

(i„  -  '(.2 
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107° 

39 
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90 

32 
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90 

00 

32 

1 
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1 

r 

'■[±  ^  "1 
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C 

II 
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*  The  subcell  is  constructed  from  vectors  of  repetition  of  nietliylene  groups. 
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For  layers  composed  of  molecules  of  finite  length,  there  is  a  new  parameter  to  be  considered  —  the  angle 
between  the  plane  passing  through  the  end  groups  and  the  axes  of  the  molecules.  If  this  is  90*  then  the  layer  is 
rectangular,  and  in  other  cases,  it  is  oblique  angled.  The  angle  cannot  have  just  any  value.  The  point  is  that 
a  parallel  shift  along  the  molecular  axis,  leading  to  a  different  variant  of  the  actual  cell  without  altering  the 
packing  of  the  methylene  groups,  must  be  equal  to  mcQ,  where  m  is  a  whole  number.  The  idea,  that  all  the 
structural  variants  for  chain  molecules  could  be  derived  from  a  single  "initial*  structure  by  discrete  movements 
of  the  molecules,  was  proposed  20  years  ago  by  Schoon  [37j,  but  naturally,  could  not  be  substantiated  on  the 
basis  of  the  then  prevailing  structural  conceptions.  The  validity  of  the  idea  is  now  obvious,  as  may  be  seen 
from  Fig.  7;  if  any  molecule  is  shifted  along  its  axis  by  a  whole  number  of  "stages"  (one  "stage*  is  one  period 
of  the  chain  =  2.54  A),  then  the  convex  parts  of  one  molecule  will  again  fit  into  depressions  in  the  other  mole¬ 
cule,  and  the  nature  of  tlie  distribution  of  methylene  groups  will  be  unaltered. 
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Fig.  7.  The  arrangement  of  chain  pairs  of  types  tf^  (a)  and  tj  (b),  illustrated  by 
models. 


Let  us  denote  by  m  the  molecular  shifts  associated  with 
V  translations  ag ,  and  by  n  the  molecular  shifts  associated  with 

translations  bg.  The  two-dimensional  cell  of  the  layer  is  deter- 
\  \  mined  by  tlie  subcell  and  the  numbers  m  and  n .  In  contrast 

V  \  \  y' \  witli  tlie  R  and  M  subcells,  the  T  subcell,  because  of  its  structure, 

\  \  ^  Y  V  /  \  cannot  give  rectangular  layers,  since  the  methylene  groups 

\  y  V  \  associated  with  the  ag  axis  are  shifted  along  it  by  Cg/ 2.  It  is 

'y  o  ^  therefore  possible  to  characterize  the  two-dimensional  subcells 

by  the  symbols  R  [m,  nj,  M[m,  n],  T[m  +  ^4  ,  nj.  It  is  necessary 
to  appreciate  that  layers,  differing  only  in  the  signs  of  m  and  n. 
Fig.  8.  Layers  differing  only  in  the  sign  are  not  equivalent.  Each  pair  of  numbers  m  and  n  gives  four 

of  the  shift.  layers  -  m,n;  m,  h;  m,  n;  m,n.  This  difference  is  illustrated 

in  Fig.  8.  It  is  unnecessary  to  consider  all  possible  shifts  of  the 
chains.  If  the  shift  of  two  adjacent  chains  exceeds  one  period  Cg,  tlien  there  will  be  contact  between  end  groups 
and  methylene  groups,  which  will  cause  a  reduction  in  packing  density.  We  can  tlierefore  confine  ourselves  to 
those  layers  shown  in  the  second  column  of  Table  1. 


All  ilie  layers  witli  T  subcells  are  oblique.  If  the  plane ^  of  a  two-dimensional  cell  layer  coincides 
witli  tlie  plane  aobo  of  the  subcell,  tlien  die  symbols  of  the  layers  will  be  T\}/2,  0]  and  T  [  —  ^4,  Oj.  In  layers 
with  T  subcells,  wliere  each  molecule  has  six  neighbors,  die  translation  vectors  are  ±  a^,  ±  bo,  and  ±  (aj  +  bo).* 
The  condition  diat  die  shift  of  any  of  diese  molecules  shall  not  be  more  than  unity  still  only  permits  the  two 
layers  TfVj,  Ij  and  T[  -  Vj,  Ij. 

Table  1  gives  all  the  possible  layers  dius  predicted,  togedier  with  the  parameters  of  their  two-dimensional 
cells  and  die  angles  (pij,  and  *  between  die  molecular  axes  and  the  axes  a,  b,  and  the  normal  to  die 
plane  respectively. 

Kitaigorodskii  furdier  considered  possible  rhombic, 
monoclinic,  and  triclinic  structures  occurring  in  super¬ 
imposed  layers.  In  particular,  structures  of  triclinic 
symmetry  can  be  obtained  by  superimposing  layers  of 
any  type  -  R,  M,  and  T  —  widi  arbitrary  shifts.  It  is 
necessary  to  appreciate,  here,  that  layers  can  never  be 
exactly  superposed  on  each  other,  i.e.,  diey  cannot  be 


Fig.  10.  Tlie  packing  of  molecules  in 
triclinic  n- paraffins. 

associated  with  a  reflection  plane  of  symmetry,  since, 
in  this  case,  the  "convexities*  of  die  upper  layer  would 
be  in  contact  with  the  "convexities"  of  the  lower  layer 
and  dense  packing  would  be  impossible  (see  Fig.  9  a). 
This  circumstance  applies  generally  in  organic  crystal 
chemistry  [2J.  Since  neighboring  layers  are  always 
superposed  with  some  shift,  the  c  axis  of  the  actual 
elementary  cell,  passing  through  identical  points  of 
die  molecules  of  neighboring  layers,  cannot  coincide  widi  die  direction  c  q  of  the  molecular  axis  (Fig.  9b). 

These  axes  only  coincide  in  die  case  of  a  two  layer  rhombic  structure,  in  which  the  diird  layer  is  located  under 
die  first  (Fig,  9  c). 

An  arbitrary  shift  is  more  favorable,  from  the  point  of  view  of  dense  packing,  dian  a  shift  preserving  mono¬ 
clinic  symmetry,  or  still  more-so  rhombic  symmetry.  Nevertlieless,  a  triclinic  shift  will  occur  sometimes,  since 
the  achievement  of  a  minimum  free  energy  is  associated  not  only  widi  a  tendency  to  the  densest  packing,  but 
also  with  a  tendency  to  preserve  die  highest  possible  molecular  symmetry  in  the  crystal. 


H-W4 


'mt 


AJ 
c 

Fig.  9.  Superposition  of  layers:  a)  The 
adjacent  layers  of  molecules  can  never  be 
associated  widi  a  reflection  plane  of 
symmetry,  since  dense  packing  could  not 
then  occur:  b)  in  single  layer  structures, 
the  axis  c  of  the  elementary  cell  does  not 
coincide  with  die  molecular  axis  Cq;  c) 
in  riiombic  (two  layer)  structures,  die  c 
axis  coincides  widi  die  direction  of  the 
molecular  axis  Cq, 


*  Considering,  as  usual,  a  y  type  angle. 
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Tlic  complete  characteristics  of  the  structures  derived  by  Kitaigorodskii  are  given  In  tlie  references  cited, 
llicse  structures  include  those  investigated  by  Muller,  Shearer  and  Vand,  and  Smith.  Such  structures  are  not 
only  appropriate  to  n- paraffins,  but  also  to  other  long  chain  compounds  where  the  aliphatic  zigzag  Is  the  main 
factor  in  tlie  packing.  The  tlieory  accounts  for  tlie  structural  diversity  shown  by  chain  molecules,  and  explains 
wliy  this  diversity  is  mainly  characteristic  of  the  even  members  of  the  n- paraffin  homologous  series,  whereas 
tuily  two  structural  variants  with  rhombic  cells  can  be  expected  for  the  odd  members. 

Tlte  Structure  of  Triclinic  ii- Paraffins.  The  above  theory  has  been  confirmed  by  a  determination  of  the 
crystal  structure  of  tlie  paraffin  n-C}gll3g  [28J.  The  course  of  investigation  in  this  case  was  very  different  from 
that  used  in  classical  structural  analysis.  First  of  all,  experimental  values  were  obtained  for  tlie  angles  between 
the  molecular  axes  and  tlie  axes  of  tlie  elementary  cells  selected  by  Muller  and  Li'nsdale;  =74*,  =  91*, 

w  </»(.*=  18*.  These  agreed  excellently  with  the  corresponding  theoretical  values  for  layers  T[  ±  ^/j,  Oj 
(Table  l).  They  completely  determined  the  type  of  subcell  and  the  coordinates  of  the  carbon  atoms.  The 
corresponding  data  is  presented  with  allowance  for  corrections,  whose  application  will  be  considered  below. 

Tlie  triclinic  subcell  (T),  containing  two  CH2  groups,  has  the  parameters  — 

flo  =  4.;V\  a„  =  ‘KT. 

fto  ^  -i.bA  3o  = 

To  =  2,54 A,  Tfo  ~  1^7° 

Tlte  coordinates  of  die  carbon  atoms  (the  origin  is  at  the  center  of  a  C  — C  bond)  are  — 

T|  =  O.fKiS.  X2  =  1  - 

Vi  -  0,t)95  j/j  =  1  —  vi 
?!  =  1/4.  Z2  =  3/4 

It  was  also  shown  that  n-c;:}gil3g  crystals  were  built  up  from  [T  —  ^/j,  Oj  layers  and  not  from  T  [+  V2,  Oj 
layers.  The  structure  of  these  crystals,  produced  by  the  only  possible  means  of  dense  superposition  of  die  layers, 
is  shown  by  means  of  a  model  in  Fig.  10.  It  will  be  recalled  that  the  other  n- paraffins,  corresponding  to  the 
straight  line  B  in  Fig.  3,  are  isostriiciural  with  n-C|0ll3g. 

Tlie  Density  of  R  and  T  Packings.  The  data  in  the  above  cited  references  enables  us  to  compare  the  packing 
densities  of  molecules  widi  R  and  T  subcells.  The  precision  widi  which  the  parameters  are  known  is  sufficient  for 
this  purpose,  but  it  should  be  noted  diat  die  comparison  cannot  be  exact,  since  it  is  between  different  substances 
although  all  of  one  type. 

Tlie  parameter  Cq  is  2.54  A  in  both  cases,  so  diat  the  packing  density  of  the  molecules  in  the  subcell  is 
determined  by  the  area  occupied  by  one  molecule  in  a  section  perpendicular  to  the  chain.  The  required  cross  - 
sectional  area  for  the  R  subcell  is 

^ flo^o/2  ~  IS.Sg  A  . 

In  order  to  find  die  corresponding  value  for  die  T  subcell,  it  is  necessary  to  project  the  face  ^  on  to  a  plane 
perpendicular  to  the  chain,  and  to  calculate  the  area  of  the  projection  — 

Sj.  =  cos  (tto  — ntr)  bo  a2  _  (To  —  90°). 

Substituting  in  tins  die  values  =  4,28  A,  hg  —4,82  A.Vo  =  107'’18',  we  obtain  S-j-  =  18.7s  •A** 

The  small  difference  in  density  (less  than  1%)  accounts  for  tlie  existence  in  nature  of  both  types  of  sub¬ 
cell,  R  and  T,  since  die  energetic  suitability  of  any  structure  is  primarily  determined  by  the  packing  density  of 
the  molecules. 

It  is  appropriate  to  consider  here  a  question  which  is  of  fundamental  importance  for  the  understanding  of 
polymorphism  in  n- paraffins.  How  can  we  explain  the  stability  of  structures  with  the  triclinic  modification  for 
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even  n-paraffins  witli  a  number  of  carbon  atoms  n  <  26,  and  tlie  change  to  structures  with  the  R  subcell  for 
n  >  26  7  An  answer  can  be  obtained  by  starting  with  the  assumption  that  the  free  energy  of  the  actual  T 
subcell  is  somewhat  greater  than  that  of  the  R  subcell.  It  therefore  follows  that  the  energetic  suitability  of  tri¬ 
clinic  structures  is  ensured,  since,  as  shown  above,  the  triclinic  packing  of  layers  is,  in  general,  more  dense. 

But  tliis  advantage  in  the  packing  density  of  the  end  groups  becomes  relatively  less  tlie  longer  the  molecule, 
and,  with  a  high  cnougli  value  of  n,  it  finally  becomes  insufficient  for  a  structure  with  the  T  subcell  to  be 
energetically  preferable  to  a  structure  with  the  R  subcell.  We  will  return  to  this  question  in  the  second  part  of 
tliis  review,  when  dealing  witli  the  experimental  data  on  solid  solutions  of  n-paraffins. 

In  any  case,  it  is  clear  that  tlie  difference  in  free  energies  of  crystals  witli  R  and  T  type  paekings  is  not 
very  large.  This  follows  from  comparison  of  tlieir  densities,  and  also  from  die  faet  that  a  few  percent  of 
neighboring  homologs  as  impurities  can  convert  a  triclinic  into  a  rliombic  structure.  On  diis  basis,  Kitaigorodskii 
and  Mnyukh  [38J  made  a  successful  attempt  to  find  a  T  packing  m  samples  of  polyediylene.  Teare  and  Holmes 
[39J,  independently,  found  a  triclinic  modification  in  polyethylene,  which  tliey  described  as  unstable,  and  con¬ 
firmed  die  above  considerations  widi  regard  to  die  R  and  T  packings. 

Recently,  Kabalkina  [40j  made  an  x-ray  investigation  of  the  paraffins  n-C3;;’^l62i  n-  C:32H65,  and  0-0341170 
at  pressures  up  to  13,000  atmospheres.  She  made  an  interesting  discovery,  namely  the  appearance  of  some  tri- 
clinic  phase  in  the  structure,  which  persisted  for  a  few  days  after  reducing  the  pressure.  The  applied  pressure 
was  not  hydrostatic,  and  diis  complicates  die  interpretation  of  the  phenomenon. 

Making  the  Molecular  Form  More  Precise 

In  analyzing  die  packing  of  paraffin  chain  molecules,  Kitaigorodskii  and  Mnyukli  [41j  came  to  die  con¬ 
clusion  tiiat  it  was  desirable  to  apply  a  correction,  shown  in  Fig.  11,  to  die  form  of  the  aliphatic  molecule  as 
found  by  the  standard  methods  of  organic  crystal  chemistry.  This  correction  can  be  considered  as  the  result  of 
a  redistribution  of  electron  density  in  diose  places  where  there  is  strong  overlap  of  the  intermolecular  spheres 
of  atoms  not  joined  by  valency  bonds.  The  increase  in  precision  of  the  molecular  form  leads  to  complete 
agreement  between  the  parameters  of  the  "ideal*  structure,  obtained  by  geometrical  construction,  and  the 
experimental  measurements;  this  is  .shown  in  Fig.  12. 


Fig.  11.  Inerease  in  precision  of  the  mole-  Fig.  12.  Comparison  of  the  "ideal*  and 

cular  form  of  paraffin.  There  is  an  isolated  experimental  paraffin  subcells, 

region  where  there  is  overlap  of  the  inter¬ 
molecular  spheres  of  neighboring  carbon  The  following  subcell  dimensions  are  used  in  diis 

atoms  not  joined  by  valency  bonds.  The  diagram  (Fig.  12)  —  ao  (jiieor.)  “^o(exp)  = A, 

conection  applied  is  shown  in  die  form  of  a^^o  =  4.08  A,  bo(dieor.)  =  4.45  A,  bo(t.xp)  =  4.82  A, 

a  hatched  area. 
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>'o(tJicor  )  ”  yo(exp)  “  o  **  projection  of  perpendicular  to  the  chain  axis).  The  cause 

of  the  difference  becomes  clear  after  introducing  the  correction  to  the  molecular  form.  The  existence  of  steric 
hindrance  and  the  need  to  preserve  H  -  H  contact,  at  the  point  marked  in  the  center  of  the  cell,  produces  cell 
deformation  in  the  direction  shown  by  the  arrow.  The  overlap  region  is  hatched. 

Tliere  is  data  available  to  show  diat  a  similar  correction  to  the  form  can  be  applied  in  all  other  cases 
when  there  are  neighboring  atoms,  not  joined  by  valency  bonds,  in  the  molecule,  at  a  spacing  appreciably  less 
than  the  sum  of  tlie  intermolecular  radii. 

11.  The  Structure  of  Solid  Solutions 

The  structural  simplicity  of  n- paraffin  crystals  makes  it  possible  to  solve  problems  concerned  with  the 
structure  of  tlieir  solid  solutions,  which  are  of  great  interest  botli  for  an  understanding  of  the  properties  of 
aliphatic  cliains  in  the  condensed  phase,  and  witli  respect  to  the  theory  of  solid  solutions  of  organic  molecules. 

Binary  solid  solutions  of  n- paraffins  have  been  examined  repeatedly  by  different  authors.  Their  results 
have  usually  been  expressed  as  composition  diagrams  of  one  form  or  another.  A  valuable  idea  was  to  compare 
the  lengths  of  component  molecules,  so  as  to  predict  whetlier  there  would  be  continuous  solubility.  For  the 
solution  of  this  particular  problem,  at  first  glance  tlie  indicated  approach  appears  to  be  by  proportion.  Indeed, 
since  the  form  of  an  n- paraffin  molecule  in  a  crystal  is  a  plane  aliphatic  zigzag  of  carbon  atoms,  it  might  be 
expected  tliat  all  differences  would  depend  on  tlie  molecular  length  factor.  However,  tliis  leaves  out  of 
account  the  difference  in  symmetry  of  the  even  and  odd  molecules  and  of  the  crystals  built  up  from  them. 

Thus,  Kravclienko  [42,  43j  attempted  to  make  a  generalization,  concerned  with  the  formation  of  either  con¬ 
tinuous  solid  solutions  or  eutectics,  based  only  on  the  relative  lengths  of  the  component  molecules.  It  soon 
appeared  that  such  an  approach  was  inadequate.  He  found  tliat  tliere  was  a  break  in  the  solubility  in  some 
systems  witli  small  differences  in  length  between  tlie  component  molecules,  while  the  expected  break  did  not 
occur  in  otlier  cases.  Also,  his  approach  gave  no  explanation  of  the  very  large  difference  in  types  of  composition 
diagrams  for  binary  n- paraffin  systems.  It  will  be  shown  below  that  we  can  go  very  much  furtlier  with  the  structural 
explanation  of  the  solubility  of  n- paraffins. 

A  large  number  of  composition  diagrams  for  binary  n- paraffin  systems  can  be  found  in  the  literature. 
Unfortunately,  many  of  tlie  older  ones  are  of  poor  technical  quality,  and  are  too  incomplete  and  imprecise  to 
be  included  in  this  review.  In  particular,  the  liquidus  and  solidus  lines  often  run  together,  and  many  phase 
transitions  remain  unnoticed.  However,  composition  diagrams  have  been  determined  with  sufficient  care  for 
the  following  systems  — 
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These  are  all  shown  in  Fig.  13,  where  we  have  added  the  following  symbols;  T)  modification  with  T 
subcell;  R)  modification  witli  R  subcell;  H)  modification  with  H  subcell;  —  monoclinic  structure  with 
R  subcell;  L)  liquid  phase.  The  dotted  lines,  shown  on  tlie  diagrams,  do  not  conflict  with  the  condition  for 
formation  of  continuous  solid  solutions. 

Conditions  for  Formation  of  Solid  Solutions 

Tlie  general  conditions  for  the  formation  of  solid  solutions  by  two  organic  substances  have  been  considered 
by  Kitaigorodskii  [34,  52J.  In  organic  chemistry,  we  are  mainly  concerned  with  solid  solutions  formed  by  sub¬ 
stitution.  The  possibility  of  formation  of  solid  solutions  depends  here  only  on  tlie  similarity  in  form  and  dimen¬ 
sions  of  the  mixed  molecules,  and,  in  contradistinction  to  inorganic  materials,  this  condition  is  necessary  and 


*  Some  of  these  diagrams  are  included  in  the  review  article  [44j. 
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sufficient.  Continuous  mutual  solubility  (i.e.,  over  the  wliole  concentration  range)  is  possible  only  if  one 
further  essential  condition  is  observed  —  tlie  symmetries  of  tlie  associated  molecules  must  be  the  same  in  the 
pure  component  crystals. 


n 


TJ 


I 


Fig.  13.  Composition  diagrams  for  n- paraffin  binary  systems. 


Starting  from  these  general  principles,  it  is  not  difficult  to  formulate  conditions  for  the  formation  of 
n-paraffin  solid  solutions.  The  requirement  of  similarity  in  form  and  dimensions  of  the  mixed  molecules  simply 
implies,  here,  a  small  difference  in  lengtii.  A  continuous  series  of  solid  solutions  can  only  be  formed  from  com¬ 
ponents  having  the  same  subcells  —  H  and  H,  R  and  R,  or  T  and  T.  Continuous  mutual  solubility  is  impossible 


between  cdinpoiiciits  with  (Jiffcreiu  subcclls  —  H  and  T,  R  and  T,  or  H  and  R.  Tliis  implies,  in  particular, 
that  ttiere  is  always  a  break  in  the  solubility  with  systems  of  the  type  "even  +  odd,"  whereas,  in  systems  of  the 
type  "odd  +  odd,"  this  will  depend  only  on  the  relative  lengths  of  the  molecules,  since  all  odd  n-paraffins  are 
isomnrphoiis  with  each  other.  These  conclusions  are  confirmed  by  diagrams  a,  b,  c,  d,  e,  f,  li,  and  i  of  Fig.  13. 

All  tJiese  show  a  break  in  the  solubility  of  the  type  H  +  T.  At  the  same  time,  in  tlie  system  n-C^  +  11-C23, 
continuous  solid  solutions  are  formed  in  all  proportions  of  the  types  H  +H  and  R  +  R,  although  the  molecules 
n-Cji  and  n-C23  differ  more  in  length  than  do,  for  instance,  n-Cjjand  n-C2o. 

It  is  understood  tliat,  for  continuous  solubility  to  occur,  there  should  be  uniform  and  real  cells,  but  this 
cannot  lx;  detected  in  view  of  the  properties  of  tlie  materials  under  consideration  and  the  restricted  possibilities 
of  the  thermographic  method,  which  is  normally  used  to  establish  tlie  composition  diagram.  Careful  consideration 
of  the  diagrams  in  Fig.  13  shows  that  they  indicate  best  of  all  the  "solidus  —  liquidus"  transitions,  less  precisely 
and  fully  the  transitions  in  the  solid  state  from  one  type  of  subcell  to  another,  while  tliey  do  not  indicate  the  pliase 
transitions  in  which  die  lateral  packing  of  the  chains  (i.e.,  the  subcells)  is  preserved  but  there  is  a  change  in  the 
packing  of  die  end  groups.  For  instance,  according  to  Mazee  there  is  continuous  solubility  in  die  system  n-C35  + 
ii-C3g,  but,  strictly  speaking,  this  is  incorrect.  In  principle,  by  means  of  improved  experimental  technique,  it 
should  undoubtedly  be  possible  to  detect  a  break  in  die  solubility  (as  with  any  "even  +  odd"  n- paraffin  system), 
since  n-C35  ^  rhombic  true  elementary  cell,  while  n-C35has  a  monoclinic  one.  However,  the  subcells  of  both 

components,  and  of  any  of  dieir  mixtures,  are  of  the  R  type,  so  that  die  diagram  is  correct  in  an  approximate 
sense.  The  systems  n-Cso  +  11-032,  0-035  +  and  n-03Q  +  n-035  (Fig.  13,  n,  o^,  and  ji)  also  show  continuous 

solubility  over  the  whole  range,  aldiough  the  work  of  Piper  and  his  co-workers  [26j  (Fig.  18)  indicates  that  there 
should  be  a  break  in  the  solubility  very  close  to  the  components  axis,  widi  the  change  from  the  "oblique" 
modification  to  die  rectangle  without  a  change  in  the  subcell  (R).  Unfortunately,  these  materials  were  not  pure 
enough,  and,  although  this  may  not  have  been  the  reason,  the  transitions  mentioned  could  not  be  detected.  It 
should  be  noted,  however,  that  there  is  no  doubt  about  continuous  solubility  of  the  11  +H  type  in  these  systems 
(including  n-Cggi-  n-C35), 

Thus,  when  considering  the  literature  data  on  binary  n- paraffin  systems,  it  should  be  borne  in  mind  diat 
the  diagrams  do  not  reflect  all  die  phase  transitions  in  the  solid  state,  but  only  those  accompanied  by  a  change 
in  die  type  of  lateral  packing  of  molecular  chains.  This  is  because  changes  in  packing  of  the  end  groups,  wliich 
do  not  affect  die  basic  structural  units,  i.e.,  the  subcells,  produce  such  small  thermal  effects  that  they  are  outside 
die  sensitivity  limits  of  thermographic  methods.  Experimental  difficulty  is  also  increased  by  die  slowness  of 
phase  transformation  processes  in  the  solid  state. 

When  die  condition  of  similarity  in  size  of  die  mixed  molecules  is  not  fulfilled,  it  is  natural  to  expect 
that  solid  solution  formation  is  impossible.  The  symmetry  factor,  which  is  important  when  the  above  condition 
is  fulfilled,  is  now  a  secondary  factor.  This  is  abundantly  confirmed  by  die  systems  n-C2o  +  n-C3o  and  n-Cji  + 

+  n-C3j  (Fig.  13,  j[  and  m).  Eutectics  are  formed  in  both  cases,  and  the  diagrams  are  very  similar,  although 
the  symmetries  of  the  components  are  different. 

The  Rule  of  Mutual  Interaction 

Up  to  now  we  have  concentrated  attention  on  the  possibility  or  impossibility  of  unrestricted  solubility. 
However,  we  can  proceed  furdier  to  state  an  interesting  general  rule  for  die  case  of  restricted  solubility,  based 
on  the  principle  of  dense  packing  of  molecules  in  an  organic  crystal  [49j.  It  is  assumed  that  part  of  the  mole¬ 
cules  of  n-paraffin  A  are  mixed  with  die  molecules  of  another  n-paraffin  B.  Figure  14  shows  diagrammatically 
what  can  happen  when  a  shorter  or  longer  molecule  is  introduced.  We  can  conceive  of  the  packing  as  unchanged 
if  B  <  A.  The  solubility  limit  is  approached  when  the  number  of  "gaps"  becomes  large  and  the  packing  density 
drops  appreciably.  If  B  >  A,  then  die  introduction  into  die  main  component  crystal  of  even  a  small  number  of 
molecules  inevitably  produces  distortion.  Thus,  the  following  nile  can  be  formulated.  Under  otherwise  similar 
conditions,  n-paraffins  with  shorter  chains  will  dissolve  in  n-paraffins  widi  longer  chains,  while  preserving  the 
structure  (modification)  of  the  solvent,  to  a  greater  extent  than  in  the  reverse  case.  Analysis  of  the  composition 
diagrams  of  Fig.  13  shows  diat  diese  contain  a  number  of  convincing  examples  of  this  rule  and  no  exceptions  to 
it.  Some  of  these  examples  are  illustrated  in  Fig.  15.  This  shows  constant  temperature  sections  through  the 
diagrams  of  Fig.  13,  wliich  confirm  die  mutual  interaction  rule;  a)  is  die  system  Cj^  +  C23  confirming  the  rule 
for  phase  transitions  of  the  type  H  R;  b)  is  die  systems  Cjg  +  Cjg  and  Cjj  +  C2Q,  giving  three  independent 
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confirmations  (B  >  A,  D  >  C,  and  B  >  C)  for  die  phase  transition  T  c)  is  an  unrealizable  case  which 

shows  that  B  >  C  is  actually  an  independent  confirmation;  d)  is  the  system  Cgg  +  C28  (x-ray  data  [26])  with 
phase  transitions  of  the  type  "oblique  layer  s*  rectangular  layer,"  but  with  the  R  subcell  unchanged. 


B 

Fig.  14.  Packing  diagrams 
for  the  ends  of  long  mole¬ 
cules,  illustrating  the  lower 
energetic  suitability  of 
•projections"  as  compared 
with  "gaps." 


It  should  be  noted  that  the  only  systems  suitable  for  this  purpose  are  those 
with  components  of  die  same  crystal  symmetry  (odierwise,  not  all  the  other 
conditions  are  fulfilled)  and  widi  a  solubility  break  at  the  temperature  of  the 
section.  It  is  important  that  die  data  shown  includes  different  types  of  phase 
transitions.lt  is  reasonable  to  assume  diat  a  similar  rule  applies  to  other 
systems  as  well  as  to  aliphatic  ones,  aldiough  it  may  be  masked  by  other 
factors  [53,  54j. 

Conventional  and  Concrete  Symbols  for  Phases 

The  use  of  the  normal  literature  symbols  a  and  fl(or  Sa  and  Sg),  which 
are  based  on  pliysicochemical  analysis  (  o  represents  die  high  temperature 
form,  6  die  low  temperature  form),  can  often  lead  to  confusion.  Wliere 
possible,  it  is  much  more  convenient  to  use  concrete  symbols  wliich  express 
the  structural  characteristics  of  the  phase. 

Phase  diagram  investigators  often  fall  into  diis  error;  they  assume  a 
uniform  phase  type  for  different  members  of  a  homologous  series,  and  denote 
it  by  the  same  conventional  symbol.  This  error  is  illustrated  by  Mazee's  data 
[48]  in  Table  2;  die  conventional  symbols  are  as  he  used  them. 


R*H  R*H 


Fig.  15.  Constant  temperature  sections  dirough  the  n-paraffin  binary  system 
composition  diagrams  of  Fig.  13,  confirming  the  mutual  solubility  rule. 

We  may  take  as  an  example  die  system  n-Cj7+  n-Cjg  (Fig-  i’)*  where  errors  resulted  from  neglect 
of  the  phase  structural  characteristics.  Mazee  observed  that  pure  n-Cj8  did  not  undergo  equilibrium  phase 
transitions  in  die  solid  state,  from  which  he  concluded  diat  a  single  S  q  modification  existed  along  the  n-Cjg 
axis.  The  mixture  to  the  left  should  show  enantiotropic  phase  transitions,  since  pure  n-Ci7  does.  Arguing  on 
these  lines,  Mazee  denoted  the  solid  phase  above  the  transition  point  as  S  and  below  it  as  Sg .  However, 
this  is  incorrect,  since  Sg  for  n-CjBhas  a  triclinic  crystalline  lattice,  while  Sg  for  n-Cjy  lias  a  rhombic  lattice. 
This  led  to  an  erroneous  representation  of  the  phase  transition  curves  in  the  solid  state.  In  Mazee’s  composition 
diagram,  die  triclinic  structure  of  n-Cjg  altered  continuously  through  a  series  of  solid  solutions  to  die  rhombic 
structure  of  n-Ci7,  which  is  impossible.  There  should  be  a  break  in  the  solubility.  The  same  autlior  made  a 
similar  error  in  his  description  of  the  system  n-Cij-t  n-Cjo,  where  tliere  is  a  gradual  change  in  symmetry. 

Figure  16  shows  two  probable  variants  for  the  system  n-Cj7  +  n-Cjg,  which  do  not  conflict  witli  the  condition 
for  formation  of  solid  solutions. 
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Tlic  most  rorrtH  t  pnxcdurc  would  he  to  replace  the  conventional  phase  symbols  by  the  concrete  symbols 
for  the  true  cells,  but  this  is  still  impossible  owing  to  tJie  absence  of  tlic  relevant  data.  However,  the  Indication 
of  subcell  type  on  existing  composition  diagrams  substantially  clarifies  the  picture  for  the  mutual  solubility  of 
n- paraffins.  The  inadequacy  of  many  diagrams  is  very  clear,  even  in  the  above  considered  restricted  sense  of 
what  is  achievable  by  the  thermographic  method.  There  is  still  much  to  be  done  by  the  x-ray  powder  method 
by  phase  analysis,  using  a  temperature  controlled  t  amera. 


TABLE  2 

Biiiaiy 

Phase  symbol  S^y, 

Phase  symbol  Sg , 

system 

actual  cell 

actual  cell 

R 

T 

n-CjY  +  n-Cjg 

II 

R  and  T 

n-Cij  +  n-Cjo 

11 

R  and  T 

n-C2i  ^ 

11 

R 

n-Cgg  +  n-Cgg 

H 

R 

pes  of  Composition  Diagrams  with  Adjacent  Ilomologs 


Let  us  consider  those  of  the  diagrams  in  Fig.  13  where  the  components  are  immediate  neighbors  in  the 
homologous  series.  They  are  shown  in  Table  3.  All  die  odd  components  in  these  systems  are  isomorphous  with 
each  other,  and  so  are  the  even  ones.  Under  tliese  conditions,  it  would  be  expected  that  all  die  diagrams  con¬ 
sidered  would  be  similar,  but,  instead  of  this,  we  find  an  alternation  in  type.  Taking  note  of  what  has  been 
stated  above  on  the  mutual  solubility  of  II  and  T  modifications,  the  difference  between  die  systems  in  the  two 
cuhmins  of  Table  3  may  l-ie  written; 


i.c.,  in  the  first  case  the  even  component  widi  die  trfclinic  modification  has  die  longer  chain  length,  while  in 
the  second  cast  it  has  die  .shorter  chain  length,  llils  is  a  striking  example  of  the  effect  of  the  general  factor  of 
relative  chain  length,  which  was  formulated  above  as  a  rule  for  the  mutual  solubility  of  two  n-paraffins. 


Fig.  16.  Two  possible  variants  for  the  com¬ 
position  diagram  of  die  system  C^^  +  Cjg, 
whicli  do  not  conflict  with  die  condition  for 
continuous  solubility. 


TABLE  3 


Roozehoom 

Roozeboom 

Type  IV 

Type  V 

n  r*  1-  n-C, 

n  "Eln  "t*  n  -Cm 

n  Cio  1  rrl'-ii 

n  '  -11  |-  n  i  -12 

n-C.>2  1  n-thn 

n-  ('n  1-  n  C.i4 

n  -Ci4  1  n  C-is 

n  i'l.-,  1  n  ('t,i 

n-Cj*  1-  n-Ci7 

n  Ci7  n-Ci8 

n  -i’lo  |-  n-Cjo 

•  n  is  always  a  whole  number. 
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Ttie  Solubility  Break  in  Systems  with  T  Com|)onents 

The  absence  of  a  continuous  series  of  solid  solutions  was  observed  in  a  study  of  the  binary  system  n-Cig  + 

+  n-Cgo  [49],  in  spite  of  the  isomorphism  of  the  component  crystals,  which  have  triclinic  subcells  of  similar 
size  and  with  the  same  symmetry.  Over  a  definite  concentration  range,  with  a  sufficient  content  of  solute  in 
solvent,  they  form  solid  solutions  of  a  different  rliombic  (R)  modification.  The  same  has  been  observed  in  the 
system  n-Cig+  n-Cjg.  We  may  ask  why  there  is  not  a  continuous  series  of  solid  solutions  on  tlie  basis  of  a  T 
subcell,  although  it  would  appear  tliat  all  the  conditions  for  tliis  arc  fulfilled.  The  phenomenon  can  be  explained 
if  we  suppose  (see  part  I  of  this  review)  that  tlie  triclinic  structures  of  n- paraffins  acquire  stability  as  the  result 
of  tlie  high  packing  density  of  tlie  molecular  layers,  but  that  tlie  T  subcell  itself  is  less  stable  titan  the  R  subcell. 
It  is  clear  tliat  the  higher  symmetry  of  the  R  subcell  is  important  in  tliis  connection,  since  tlie  tendency  of  a 
structure  to  have  maximum  symmetry  is  now  well  established.  On  the  otlier  hand,  it  follows  from  theory  [2J 
that  the  formation  of  a  triclinic  true  cell,  as  tlie  result  of  an  arbitrary  shift  in  the  superposition  of  molecular 
layers,  always  leads  to  tlie  maximum  packing  density  of  tliese  layers.  We  can  now  understand  why  there  is 
not  continuous  solubility  in  tlie  systems  n-Cjg  +  n-Cjg  and  n-Cjg  +  n-C2o,  altliough  tlie  component  structures 
are  isomorphous  and  the  molecules  differ  little  in  length.  Mixing  with  a  different  lengtli  component  inevitably 
disturbs  the  end  group  packing  density,  so  tliat  die  triclinic  structure  becomes  less  stable  than  die  rhombic,  and 
die  result  is  a  structure  with  a  stable  R  subcell. 


Tlie  Problem  of  Molecular  Packing  in  Solid  Solutions  of  n- Paraffins 

Tlie  problem  of  molecular  packing  in  solid  solutions  of  n- paraffins  and  dieir  derivatives  has  for  a  long  time 
attracted  the  attention  of  investigators.  Hengstenberg  [55j,  investigating  n- paraffin  mixtures  from  Cgg  to  Cgg 
did  not  find  any  lines  on  tlie  x-ray  patterns  corresponding  to  a  large  interplanar  spacing  (which  we  shall  call  the 
interlayer  spacing),  and  therefore  proposed  a  scheme  for  die  crystalline  structure  of  solid  solutions  in  which  the 
end  groups  were  arranged  randomly,  but  there  was  complete  order  in  die  lateral  packing  (Fig.  17,  a).  However, 
later  investigators  in  this  field  always  found  the  expected  interlayer  pericxls  widi  various  samples,  and  it  is 

possible  diat,  widi  improvement  in  experimental  technique,  (00 i)  re¬ 
flections  would  be  found  with  Hengsteiiberg's  samples,  Ott  and  Slagle 
[SGJ,  working  with  fatty  acids  from  Cjo  to  Cjg,  observed  something 
approaching  Vegard's  law  —  a  smooth  linear  change  in  dgoi  widi  change 
in  mixture  composition.  Hess  and  Kiessig  [57J  investigated  soap  mixtures. 
They  interpreted  the  clear  reflections  in  the  x-ray  patterns  and  the  con¬ 
tinuous  change  in  these  with  change  in  composition,  as  shown  in  Fig.  17, 
b .  The  end  polar  groups  are  packed  in  true  planes,  separated  by  uniform 
spacings,  but  the  opposite  ends  of  the  chains  are  bent  and  packed  quite 
densely,  because  aliphatic  chains  are  highly  flexible.  The  authors  suggest 
diat  this  picture  is  also  valid  for  other  chain  compounds  containing 
hetero-groups  —  fatty  acids,  fatty  acid  esters,  ketones,  etc.  —  but  is 
hardly  applicable  to  die  n- paraffins  diemselves.  However,  Piper  and 
his  co-workers  [26J,  working  with  mixtures  of  n- paraffins  differing  in 
length  by  one  or  two  CH2  groups,  observed  one  system  of  clear  00/ 
reflections.  Ewald  [58J,  Hess,  and  other  investigators  explained  diis 
as  die  result  of  the  small  difference  in  chain  length  between  the  mi.xed 
components.  In  diis  case,  a  plane  can  be  traced  through  the  ends  of 
the  molecules,  although  less  strictly,  since  diis  conception  exists  si¬ 
multaneously  widi  clear  low  order  reflections. 

Tlie  problem  was  further  investigated  by  Kitaigorodskii  and 
Mnyukli  [59J.  The  idea  behind  dieir  investigation  was  as  follows.  Different  mechanisms  for  die  formation  of 
solid  solutions  may  be  anticipated,  depending  on  whedier  the  solvent  paraffin  has  a  longer  or  shorter  chain  length 
than  the  solute.  The  relation  between  interlayer  spacing  and  composition  was  investigated  experimentally. 

The  choice  of  binary  systems  was  dictated  by  the  conditions  that  the  structures  of  the  components  should  be 
isomorphous,  diat  a  continuous  series  of  solid  solutions  should  be  formed  over  a  wide  concentration  range,  and 
that  there  should  be  a  maximum  difference  between  the  numbers  of  CH2  groups  in  the  two  components.  In  con¬ 
trast  to  the  work  of  Piper  and  his  co-workers  (Fig.  18),  die  latter  condition  made  it  possible  to  establisli  in  more 


Fig.  17.  a)  Structural  model  of  a 
solid  solution  of  a  system  of  chain 
molecules,  preserving  the  dense 
zigzag  form  for  die  carbon  atom 
chains,  but  with  random  packing 
of  the  ends;  b)  structural  model 
of  a  solid  solution  of  a  system  of 
chain  molecules,  containing 
hetero- atoms  in  die  molecular 
chains  located  in  parallel  equally 
snared  nlanes. 
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detail  tlie  shape  ot  tlie  curves  in  tlie  "interlayer  spacing  —  composition"  diagrams.  Tliis  condition  was  satis¬ 
fied  by  the  systems  n-C3o  +  n-C34  0-030  +  n-C3e.  X-ray  exposures  were  carried  out  witli  a  low  angle  camera. 

Figure  19  shows  tlie  results.  The  experimental  points  near  tlie  ^  axis  are  less  reliable.  It  is  clear  that  there  are 
two  separate  regions,  showing  the  difference  in  character  of  the  solid  solution  formation  process,  depending  on 
whetlier  the  dominant  structure  is  that  of  die  longer  or  shoner  component. 


Fig.  18.  "Interlayer  spacing  —  composition"  diagrams  for  some  binary 
n- paraffin  systems. 


Tlius,  diere  is  not  a  linear  relation  between  interlayer  spacing  and  composition.  The  curve  lies  above 
die  line  joining  die  points  for  die  pure  components.  It  should  be  noted  that  this  interlayer  spacing  curve  also 
represents  the  change  in  volume  curve  of  the  elementary  cell,  since  it  has  been  shown  that  the  lateral  packing 
density  of  die  chains  does  not  depend  on  die  composition.  The  mean  mass  of  a  molecule  in  solid  solution  varies 
linearly  with  composition,  wliereas  the  densities  of  the  components  are  almost  the  same,  so  die  curves  shown 
must  be  considered  as  representing  die  relative  densities  of  die  solid  solution  crystals. 


a 

Fig.  19,  a)  "Interlayer  spacing  -  %  composition"  diagrams  for  the 
systems  C30  +  C34  and  C3Q  +  C35  [60] ;  b)  die  ideal  case  explained  in 
die  text. 
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It  was  shown  earlier  tliat,  with  tlie  dissolution  of  a  shorter  chain  length  paraffin,  the  conceivable  structure 
was  unaltered  up  to  tlie  percentage  composition  where  the  packing  density  dropped  appreciably.  From  this  point 
of  view,  in  relation  to  Fig.  14,  the  variation  of  interlayer  spacing  with  composition  should  correspond  more  to 
the  horizontal  part  of  the  curve  shown  in  Fig.  19,  b.  This  horizontal  part  of  the  curve  corresponds  to  solid 
solutions  in  which  the  gaps,  caused  by  replacement  of  long  molecules  by  shorter  ones,  are  not  filled.  Experiment 
shows  that  there  is  some  departure  from  this  ideal  mechanism. 

Tlie  results  of  this  investigation  show  that  the  structure  suffers  a  greater  change  if  the  distortion,  resulting 
from  the  superposition  of  layers,  is  caused  by  the  appearance  of  projections  instead  of  cavities  (this  is  evident 
from  the  slopes  of  the  curve  in  Fig.  19,  a,  before  and  after  the  discontinuity).  This  is  in  agreement  with  all  the 
above  discussed  conceptions  and  would  be  expected,  because  tlie  inteniiolecular  (  van  der  Waals)  attraction  curve 
is  steep  on  the  repulsion  side  and  slopes  more  gradually  on  the  attraction  side.  Thus,  the  tolerance  of  gaps 
without  structural  distortion  is  associated  with  a  smaller  increase  in  energy  than  is  the  complementary  com¬ 
pression  in  the  projection  region. 

Finally,  it  must  be  emphasized  tliat  the  available  experimental  data  is  in  conflict  with  any  attempt  to 
explain  the  structure  of  n- paraffin  solid  solutions  in  terms  of  an  idealized  crystal  lattice  (such  as  an  alternation 
of  layers  in  tlie  crystal)  without  irregularities  in  die  end  group  region.  An  idealized  ordered  alternation  of  layers 
(each  consisting  of  one  sort  of  molecule),  or  any  other  conceivable  "ideal*  method  of  molecular  packing  in  die 
mixed  crystal,  when  associated  with  the  existence  of  low  angle  x-ray  patterns  showing  a  single  system  of  clear  OOZ 
lines,  requires  that  diere  should  lie  a  linear  relation  between  interlayer  spacing  and  composition;  but  this  is  refuted 
experimentally.  Also,  the  manner  of  strict  alternation  should  change  widi  the  slightest  change  in  composition, 
which  is  very  improbable.  On  the  other  hand,  however,  diere  are  some  unpublished  results  by  Smith  which  in¬ 
dicate  diat  there  are  conditions  under  which  it  is  possible  to  grow  n- paraffin  mixed  crystals  with  an  ideal  order 
of  alternating  layers.  Tlius,  it  is  clear  tliat  the  problem  of  molecular  packing  in  n- paraffin  solid  solutions  still 
contains  many  interesting  features,  and  is  a  worthwhile  field  for  furdier  investigation. 

In  conclusion,  we  must  make  reference  to  a  review  [GO],  wliich  gives  a  very  detailed  analysis  of  th^ 
literature,  and  to  two  experimental  papers  [61,  G2],  devoted  to  questions  which  have  been  discussed  here. 
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In  oxonium  compounds,  it  is  well  known  that,  in  addition  to  the  two  bonds  by  unpaired  2pj(  and  2py 
electrons,  oxygen  forms  a  third  active  bond  by  means  of  the  unshared  pair  of  2pz  electrons.  Thus,  all  three 
2p  orbitals  are  occupied  in  oxonium  compounds.  The  configuration  in  the  presence  of  tlie  three  neighbors  has 
C3y  symmetry  (a  pyramid  with  oxygen  at  the  vertex).  Except  for  tlie  stable  1130*"  ion  (for  which  there  is  a 
special  reason),  the  oxonium  contpounds  are  mostly  of  low  stability.  Thus,  the  trialkyl  oxonium  compounds  of 
Meerwein  and  compounds  of  tlie  type  (CH3)20-HC1  are  very  unstable. 

However,  in  addition  to  these,  compounds  of  another  type  are  possible,  namely  oxanium  compounds,  in 
which  there  are  two  donor  bonds  by  the  two  unshared  pairs  2s*  2p*  in  addition  to  the  two  normal  unpaired  2p 
electron  bonds.  As  a  result,  oxygen  can  give  four  hybrid  o  bonds  directed  to  the  vertices  of  a  tetrahedron. 

This  condition  exists  to  some  extent  in  the  lattices  of  BeO,  ZnO,  PtO,  PdO,  etc. 

The  oxanium  state  can  arise  when  l)  the  neighboring  atoms  have  vacant  orbitals,  2)  the  neighboring 
atoms  show  electron  affinity,  and  3)  electron  shift  from  the  oxygen  is  accompanied  by  a  delocalization  of 
negative  charge  which  stabilizes  tlie  system. 

As  an  alternative  to  these  four  o  bonds,  it  is  also  possible  for  the  oxygen  to  form  three  o  and  one  ir  bond; 
o*  TT  (tliree  o  bonds  in  a  plane  with  D3jj  symmetry,  and  a  fourth  n  bond  delocalized  between  tlie  oxygen  and 
three  neighboring  atoms).  This  is  tlie  case  with  [0(HgCl)3J'*'Cl  “  [Ij.  The  structiire  of  this  compound  can  be 
represented  diagrammatically  as  follows:  there  are  two  positive  charges  on  the  oxygen  and  one  negative  charge 
shared  between  the  three  surrounding  atoms,  so  that  each  O  — Hg  bond  is  Vs  double.  The  HgOHg  angle  is  120“. 
(The  negative  charge  can  also  be  partly  distributed  over  tlie  inner  chlorine  atoms). 


lip 


©  ^Cl 


Cl 


Cl 


It  is  considered  that  the  compounds  [(C5H5)30J'’’X‘  (where  X  is  an  anion),  synthesized  by  Nesmeyanov 
and  Tolstaya  [2J,  are  of  this  type.  Unlike  the  very  unstable  trialkyl  oxonium  compounds  of  Meerwein,  these 
compounds  are  quite  stable  and  only  decompose  above  150*.  It  is  evident  that  tliis  is  not  a  triphenyl  oxonium 
but  a  triphenyl  oxanium  compound,  in  which  the  unshared  electron  pairs  of  tlie  oxygen  (2s*  and  2p*)  are  shifted 
to  the  aromatic  rings,  so  that  the  oxygen  gives  tliree  hybrid  o  bonds  and  one  tr  bond,  and  a  single  negative 
charge  is  delocalized  between  the  nine  ortho  and  para  positions  of  the  benzene  rings.  The  structure  is  shown 
diagrammatically  below. 
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If  this  description  is  correct,  then  1)  the  triphenyl  oxanium  compounds  should  show  ortho- para  orienta¬ 
tion,  and  2)  tlie  oxygen  and  the  neigliboring  atoms  of  the  benzene  rings  should  lie  in  a  plane.  Owing  to  con¬ 
siderable  delocalization  of  the  negative  cliargc  in  tlie  n  bond,  these  compounds  should  be  considerably  more 
stable  than  their  trialkyl  analogs,  wliere  such  delocalization  and  such  a  state  for  the  oxygen  are  impossible. 

If  oxygen  is  bonded  to  only  two  neighboring  atoms  with  empty  orbitals,  tlien  it  is  possible  for  the  oxanium 
state  to  occur  witlt  a  linear  configuration  of  the  atoms  Me  tz.  O  Me  (for  instance  Ru^  O  Zi  Ru),  where  the 
oxygen  forms  two  o  and  two  n  bonds. 

Oxanium  oxygen  can  evidently  also  exist  in  a  series  of  other  compounds. 

For  tlie  sake  of  precision,  it  should  be  noted  that  the  oxanium  state  does  not  denote  tetravalent  oxygen 
in  the  ordinary  sense,  i.e.,  in  the  form  of  a  neutral  atom  in  which  one  of  the  unshared  pair  of  2p2  electrons  is 
promoted  to  a  3s  orbital,  since  such  promotion  with  change  in  the  principle  quantum  number  would  Involve 
too  great  an  expenditure  of  energy.  For  this  reason,  the  structure  (CH3)jC)HCl,  with  oxygen  forming  four 
ordinary  covalent  bonds,  is  incorrect. 
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An  x-ray  investigation  has  been  made  of  the  products  of  thermal  dissociation  of 
a-  Li2U04.  A  scheme  has  been  proposed  for  the  dissociation,  and  structures  have  been  con¬ 
sidered  for  all  tlie  phases  formed,  including  Liu'^03. 


Litliium  uranate  (V)  was  first  obtained  by  Rudorff  and  Leutner  [Ij  by  the  interaction  of  lithium  mono- 
uranate  Li2U04  witli  uranium  dioxide  at  650-750*.  The  autliors  considered  that  lithium  uranate  (V)  crystallized 
witli  rhombic  or  monoclinic  syngony,  but  did  not  give  any  data  except  for  some  Debye  photographs,  without 
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stating  what  radiation  was  used.  Sodium  and  potassium  uranates  (V)  give  crystals  of  tlie  perovskite  type  [2J. 
According  to  RUdorff  and  Leutner  [Ij,  uranium  dioxide  is  formed  by  the  dissociation  of  Li2U04.  They  did  not 
detect  any  intermediate  products. 

We  established  that  two  dissociation  products  were  formed  by  the  dissociation  of  LijUO^  at  933".  The 
x-ray  photograph  (FeK  radiation)  of  one  (Table  l)  of  tliese  phases  was  analyzed  on  the  assumption  of  a 
hexagonal  cell  widi  a  =  5.406  ±  0.001  kX  and  c  =  7,506  ±  0.004  kX.  The  systematic  absence  of  lines  with 
h  +  k  +  1  ^  3n  showed  that  die  cell  was  rhombohedral.  Tlie  parameters  of  the  latter  were:  a  =  4.039  kX  and 
a  =  85*  03*.  The  cell  must  be  considered  as  a  distorted  primary  cube.  The  volume  of  die  riiombohedral  cell 
was  63.5  A*,  which  is  close  to  the  semisum  of  the  volumes  of  die  Li20  and  U20^  cells  (67.5  A^)  and  to  the 
semisum  of  the  volumes  of  the  Li20  UO2  +  UO3  cells  (61.8  A®).  *  This  showed  that  one  LiU03  formula 
unit  could  be  assigned  to  the  cell. 


TABLE  1 

Debye  X-Ray  Powder  Pattern  of  Lithium  Uranate  (V)* 
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1369 

3 

6380 

006 

6389 

4 

4104 

300 

4104 

8 

8784 

134 

8768 

6 

2005 

021 

2001 

6 

6642 

312 

6638 

4 

4883 

015 

4898 

8 

8850 

321 

8842 

6 

2530 

202 

2522 

8 

7074 

223 

7070 

4 

5463 

220 

5472 

6 

9160 

107 

91.53 

8 

2976 

113 

2966 

4 

7483 

401 

7474 

6 

5696 

303 

5702 

10 

9371 

232 

9374 

3 

331 1 

104 

3296 

6 

7641 

12.5 

7636 

8 

6066 

214 

6034 

8 

9574 

410 

9576 

•  In  constructing  the  intensity  scale,  we  used  die  ratio  Ic<  tig  =5:1  instead  of  the  usual 
7-8:1. 


It  is  stated  in  die  literature  [Ij  that  LiU03  crystallizes  widi  rhombic  or  monoclinic  syngony,  and  die  im¬ 
pression  has  arisen  that  lithium  uranate  (V)  exists  in  two  polymorphic  modifications.  In  order  to  check  this 
assumption,  we  synthesized  the  material  by  sintering  lithium  monouranate  with  uranium  dioxide  in  a  platinum 
boat  at  650-750".  However,  in  diis  case,  we  obtained  a  hexagonal  uranate  (V)  with  a  =  5.406  ±  0.002  kX  and 
c  =  7.502  ±  0.004  kX.  Thus,  die  uranates  (V)  of  lidiium,  sodium,  and  potassium  have  similar  cells: 


LiU03 

Riiombohedral 

cell 


NaU03  [2] 
Monoclinic 
cell 


KUO3  [2j 
Cubic  cell 


a  =  '1,03!)  A- A"  a  sin  =  b  —  c  sin  3=  a  =  4,290  kX. 

OL  =  8r)''03'  =4,129  A  A;  3  =  88°36' 


These  all  belong  to  the  perovskite  type  (sometimes  with  distortion  of  the  cubic  cell),  as  is  illustrated  by  a 
comparison  of  their  Debye  x-ray  powder  patterns  (see  figure).  When  samples  were  taken  from  the  surface  of  the 
material,  tlien  lines  of  a  second  phase  appeared  in  tlie  x-ray  photographs  of  the  dissociation  products.  The  lines 
of  this  unknown  phase  could  be  analyzed  on  die  assumption  of  a  face-centered  cell  with  a  =  5.375  ±  0,005  kX 
(Table  2).  This  phase  could  not  be  one  of  die  uranium  oxides,  **  since  UO2  and  U02.25have  large  lattice  con¬ 
stants  (a  =  5.458  ±  0.001  kX  for  UO2  and  5.430  ±  0.005  kX  for  1102^^  ).  Considering  die  ease  widi  which  phases 
of  the  type  (Me,  11)02^  x  be  formed  from  many  di-  and  tri valent  metals  (die  lattice  constants  of  such 


*  The  volume  of  die  U20fe  cell  was  calculated  from  die  data  of  [3j,  which  possibly  refers  to  a  metastable  phase. 
The  cell  volume  of  die  a  modification  was  taken  for  UO3. 

**  This  was  also  shown  by  the  equilibrium  pressure  of  oxygen  (5.55  mm  Hg  at  933°). 


368 


oxides  are  5.30  -  5.40  A),  particularly  from  magnesium,  and  since  litliium  has  an  ionic  radius  close  to  tliat  of 
magnesium,  it  is  reasonable  to  assume  tlie  formation  of  a  phase  (Li,  U)02^  x* 


Debye  x-ray  powder  patterns  for  tlic  uranates  of  a)  lithium,  b) 
sodium,  and  c)  potassium;  die  index  data  for  LiU03  refer  to  the 
rliomboliedral  cell. 


TABLE  2 

Comparison  of  Debye  X-Ray  Powder  Patterns  of  UOj  and  (Li,  11)024  x 


no. 

(13.  1J)( 

*2  ±  .V 

uo. 

(13.  U)02 

±.V 

h/,1 

/ 

lOVrf’ 

1 

lO'/dji 

iO'/dji 

hkl 

/ 

10*/rf‘ 

I 

10‘/rf7/ 

w/d'i 

111 

« 

1007 

8 

10.34 

10.38 

400 

5 

5.370 

*> 

5528 

5.538 

2(K) 

■'1 

1342 

10  * 

1.376 

1384 

331 

10 

6376 

6 

6567 

6.576 

220 

to 

2685 

8 

2770 

2760 

420 

8 

6712 

4 

6044 

6022 

311 

10 

36112 

8 

3806 

3807 

422 

10 

8054 

6 

8310 

8.30(i 

222 

' 

4027 

6  * 

4104 

41.5.3 

333  1 
511  1 

10 

0061 

4 

0335 

0345 

A  strong  LiU03  line  also  occurs  here. 


It  can  be  seen  from  Table  2  tliat  die  line  intensities  of  the  (Li,  U)02  4  x  phase  correspond  with  those  of 
UO2,  showing  that  these  oxides  are  isostructural.  From  die  absence  of  superlattice  lines  in  the  Debye  x-ray 
powder  patterns  of  (Li,  U)02  4  x#  it  tti^y  be  reasonably  argued  that  there  is  a  statistical  distribution  of  U  and  Li 
atoms,  with  a  single  true  system.  This  confirms  our  assumption  as  to  the  analogy  between  (Li,  U)02  4  x  ^tid  the 
mixed  oxides  (Me,  U)02  4  x-  Formation  of  die  phase  (Li,  U)02  4  x  is  associated  with  a  further  loss  of  lithium 
oxide,  which  takes  place  first  from  the  sample  surface.  Thus  the  thermal  dissociation  process  is  as  follows 
(assuming  that  the  final  product  is  uranium  dioxide  [Ij  or  U02.a.  the  latter  being  more  likely  at  about  1000*): 
Li2U04  ->  LiU03  -  (U,  U)2  4  x  "*•  ^02.25  • 

SUMMARY 

1.  Tlie  products  formed  by  the  diermal  dissociation  of  lidiium  monouranate  a-Li2U04  are  first  LiU03 
and  then  (Li,U)02  4  x- 

2.  Lidiium  uranate  (V)  has  a  rliomboliedral  distorted  structure  of  the  perovskite  type,  with  lattice 
parameters  (in  the  hexagonal  aspect)  a  =  5.406  ±  0.001  kX  and  c  =  7.506  ±  0.004  kX. 

3.  (Li,  U)024  X  bas  a  fluorite  type  structure,  similar  to  diat  of  uranium  dioxide  and  the  series  of 
mixed  oxides  (Me,  U)024  x- 
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